









AVALIAÇÃO ECOTOXICOLÓGICA DE MISTURAS DE 
PESTICIDAS 
 





















AVALIAÇÃO ECOTOXICOLÓGICA DE MISTURAS DE 
PESTICIDAS 
 
 Dissertação apresentada à Universidade de Aveiro para cumprimento dos 
requisitos necessários à obtenção do grau de Doutoramento em Biologia, 
realizada sob a orientação científica da Doutora Susana Patrícia Mendes 
Loureiro (Investigadora Auxiliar do CESAM e Departamento de Biologia da 
Universidade de Aveiro) e do Doutor Amadeu Mortágua Velho da Maia Soares 










  Apoio financeiro da FCT e do FSE no 
âmbito do III Quadro Comunitário de 
Apoio através de uma Bolsa de 
Doutoramento atribuída a Miguel João 













o júri   
 
presidente Prof. Doutor Casimiro Adrião Pio 
professor catedrático do Departamento de Ambiente e Ordenamento da Universidade de Aveiro 
  
 Prof. Doutor Cornelis Adrianus Maria Van Gestel 
professor associado da Vrije Universiteit Amsterdam 
  
 Prof. Doutora Maria Cláudia Gonçalves da Cunha Pascoal 
professora auxiliar do Departamento de Biologia da Universidade do Minho 
  
 Doutora Mónica João de Barros Amorim 
investigadora auxiliar do CESAM e Departamento de Biologia da Universidade de Aveiro 
  
 
 Prof. Doutor Amadeu Mortágua Velho da Maia Soares (co-orientador) 
professor catedrático do Departamento de Biologia da Universidade de Aveiro 
  
 
 Doutora Susana Patrícia Mendes Loureiro (orientador) 
















Em primeiro lugar gostaria de agradecer aos meus orientadores, Doutor 
Amadeu Soares que me possibilitou realizar o presente trabalho e pelas suas 
correcções e sugestões feitas ao longo do trabalho, e Doutora Susana Loureiro 
pelo apoio ao longo destes anos de trabalho, prontidão e constante 
disponibilidade na discussão dos resultados, e sobretudo pela grande 
aprendizagem científica que me proporcionou.  
 
À Fundação para a Ciência e Tecnologia pelo financiamento através da Bolsa 
de Doutoramento que me foi atribuída. Ao CESAM e Departamento de Biologia 
por todas as condições disponibilizadas pelas condições disponibilizadas À 
realização deste trabalho. 
 
Aos que me ajudaram directamente no trabalho (Gonçalo, Rui, Vera, Paula), 
não apenas pela ajuda mas também pela boa disposição (até o Gonçalo) 
durante o trabalho que sempre demonstraram.   
 
A todos os colegas e amigos do departamento que ao longo deste tempo me 
fizeram sentir “parte da casa” (Abel, Fátima, Filipa, Janeco, Henrique, Marco, 
Pestana, Quim, Sara), pela amizade, disponibilidade em ajudar e sobretudo 
pelas conversas sobre a bola (vês Marco como a profecia Ramires sempre 
resultou em cheio!), onde sempre se aprende qualquer coisa desde que não se 
esteja a falar com o Pestana (o que pensando bem foi o que aconteceu na 
maior parte das vezes…). 
 
A todos os meus amigos do Vale, apesar da distância e do tempo que estamos 
separados, sabe sempre tão bem voltar… 
 
Aos meus pais, avós, mana, Bruno, e sobrinho Nuno, por todo o apoio, 
carinho, que fazem apertar as saudades à medida que o tempo vai passando 
desde que se parte de Vale do Paraíso.  
 
À Joana e ao Pedro, por tudo aquilo que não cabe numa frase quanto mais 
numa palavra, a não ser que se diga: tudo. Joana, em 2007 tinha escrito que o 















Produtos de protecção das plantas, misturas, ecotoxicologia, concentração de 
adição, acção independente, sinergismo, antagonismo, microcosmos, 




Neste trabalho o risco da aplicação de moluscicidas (metaldeído e metiocarbe) 
para o isópode terrestre Porcellionides pruinosus foi avaliado usando como 
parâmetros a mortalidade e biomarcadores de exposição. O tempo até à morte 
dos isópodes (após contacto com os moluscicidas) foi muito curto, 
especialmente no caso da exposição ao metiocarbe. Os vários biomarcadores 
revelaram-se úteis para a compreensão do modo de acção dos dois 
moluscicidas neste isópode, particularmente o efeito do carbamato metiocarbe 
na inibição da enzima acetilcolinesterase (AChE). Os efeitos de combinações 
binárias de três produtos de protecção das plantas (PPP) dimetoato, glifosato e 
espirodiclofeno foram avaliados testando o comportamento de evitamento de 
P. pruinosus, o sucesso reprodutivo do colêmbolo Folsomia candida e o 
crescimento das plantas Brassica rapa e Triticum aestivum, usando os dois 
modelos de referência de concentração de adição (CA) e acção independente 
(IA). O modelo MIXTOX foi usado para avaliar possíveis desvios (devido a 
interacções entre os pesticidas) dos dois modelos de referência. Os resultados 
obtidos permitem constatar que estes PPP quando aplicados segundo a dose 
recomendada não acarretam efeitos perniciosos para os organismos testados. 
Foi detectado sinergismo na mistura feita com glifosato e espirodiclofeno no 
isópode P. pruinosus e na mistura com glifosato e dimetoato na planta T. 
aestivum. Um ecossistema terrestre em pequena escala (“STEM”) foi 
desenvolvido, contendo um solo agrícola mediterrânico. Nestes STEM, 
minhocas (Eisenia andrei), P. pruinosus, B. rapa e “bait-lamina” foram 
incorporados no sentido de avaliar os efeitos da aplicação de dimetoato com 
espirodiclofeno e glifosato com dimetoato. A dose recomendada de aplicação 
dos PPP, quer na exposição individual quer nas misturas binárias não teve 
quaisquer efeitos nas espécies testadas. As minhocas foram sensíveis à 
aplicação conjunta de dimetoato com espirodiclofeno (10 vezes a dose 
recomendada) na sua distribuição vertical ao longo da coluna do STEM, e foi 
detectado sinergismo (i.e. mais minhocas escaparam do que a predição feita 
pelo modelo IA). Em todas as misturas binárias feitas com glifosato e 
dimetoato registou-se um decréscimo no consumo de “bait-lamina”, indicando 
sinergismo (menos “bait-lamina” consumidos que o esperado). Dos quatro 
biomarcadores (Catalase, AChE, GST e LPO) avaliados nos isópodes, 
verificaram-se diferenças significativas na actividade da enzima AChE (quando 
dimetoato foi aplicado no solo) e LPO (aumento da actividade devido à 
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In this work the risk of applying molluscicidal baits (with metaldehyde and 
methiocarb) to the terrestrial isopod Porcellionides pruinosus, was assesses 
using the time to lethality as well as biomarkers of exposure. The time to death 
values found in the single exposures to both molluscicides were very low, 
especially in the case of methiocarb. The use of several biomarkers was a 
suitable tool to understand the mode of action of these two molluscicides in this 
isopod species, particularly the effect of the carbamate methiocarb on the 
inhibition of acetylcholinesterase (AChE) activity. The effects of binary 
combinations of three plant protection products (PPP), dimethoate, glyphosate 
and spirodiclofen on the avoidance behaviour on Porcellionides pruinosus, the 
reproductive effort of the collembolan Folsomia candida and on the growth 
pattern of the plants Brassica rapa and Triticum aestivum were assessed using 
the two reference models of concentration addition (CA) and independent 
action (IA). The MIXTOX model was used to detect possible deviations (due to 
the interaction between pesticides) from the two reference models. The results 
seemed to corroborate that these PPPs have no detrimental effects when 
applied at recommended doses. Synergism was detected in the mixture made 
with glyphosate and spirodiclofen applied to P. pruinosus and with the mixture 
of glyphosate and dimethoate applied to T. aestivum. A small-scale terrestrial 
ecosystem (“STEM”) containing a Mediterranean agricultural soil was designed, 
where earthworms (Eisenia andrei), P. pruinosus, B. rapa and bait-lamina strips 
were incorporated to survey the effects of binary combinations of dimethoate 
with spirodiclofen and glyphosate with dimethoate. The recommended 
application dose of the PPP did not cause any impairment in the growth pattern 
of the tested species. Earthworms were sensitive in their depth distribution due 
to the application dimethoate and spirodiclofen (10 times the recommended 
dose) tested, and a synergistic pattern, (i.e. worms escaped more than 
predicted by the IA model) was observed. In all the binary mixtures performed 
with dimethoate and glyphosate, a decrease in the feeding activity (bait-lamina 
consumption) of the soil fauna was observed, indicating synergism (less baits 
eaten than expected).From the four biomarkers assessed in isopods (Catalase, 
AChE, GST, and LPO), only a significant difference in the AChE (decrease 
after dimethoate exposure) and LPO activity (increase after exposure to 



















We know more about the movement of the celestial bodies than about the soil underfoot. 
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1. GENERAL INTRODUCTION 
 
1.1 Concepts in mixture toxicity 
 
Due to the sometimes contradictory use of concepts in mixture toxicity in scientific 
literature, in the interest of clarity, we should carefully define key mixture concepts used 
along this thesis. A mixture can be defined as a “combination of two or more component 
chemical/compounds to which living organisms may be exposed” either simultaneously or 
sequentially (McCarty and Bogert, 2006). According to the same authors an “interaction” 
between two or more compounds occurs when the “level of response produced by any 
combination of different agents differs from the response expected on the basis of a 
theoretical model of non-interaction”.  
The mode of action of a chemical can be defined as “set of biochemical, 
physiological and behavioural signs that characterize an adverse biological response” in an 
organism exposed to a stress factor (McCarty, 2002). The term “additivity” should be used 
when several compounds in a mixture act “without any interaction among them and the 
total effect does not differ from what can be expected from the effects of the individual 
agents” (Goldoni and Johansson, 2007). As a result, if additivity fails to explain the joint 
toxicity this could be the consequence of chemical-chemical interactions, toxicokinetic 
interactions (e.g. uptake, biotransformation) or toxicodynamic interactions (e.g. at the 
receptor site inside the organism). These interactions can have as a consequence an effect 
less than additive (antagonism) or an effect greater than additive (synergism) of the 
components in the mixture (Lydy et al., 2004).   
Plant protection products (PPP) are defined in the plant protection products 
directive (article 2 of 91/414/EC) as “active substances and preparations containing one or 
more active substances, put up in the form in which their are supplied to the user, intended 
to protect plants or plant products against all harmful organisms, or prevent the action of 
such organisms [...].” All the active substances used and regulated as PPPs are now 
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considered as being already registered under the European legislation concerning the 
Registration, Evaluation and Assessment of Chemicals (REACH).  
 
1.2 Models used in mixture toxicity assessment 
 
Two reference models have been used for mixture toxicity assessment: 
concentration addition (CA) and independent action (IA). Both models have as common 
ground the concept of non-interaction, since both assume that the components present in 
the mixture do not interact with each other, meaning that each component does not 
influence the biological action of the other component present in the mixture (Hewlett and 
Plackett, 1959).  
The concentration addition model is used to evaluate mixtures that are constituted 
by components that have a common mode of action and will act at the same target site 
inside the organism (Köneman and Pieters, 1996). According to the definition proposed by 
Loewe and Muischneck (1926) the CA model stipulates that the components of the mixture 
act independently but similarly, so that one component can be substituted at a constant 
ratio of an equi-effective proportion of a second component without altering the toxicity of 
the mixture. According to this reference model all the components present in the mixture 
contribute to the overall effect, even if its concentration in the mixture is below the effect 
threshold (Silva et al., 2002).  








 where ci is the concentration of the i-th component in the mixture and ECxi is the 
effect concentration of component i in the mixture (Berenbaum, 1985). The quotient 
ci/ECxi is also referred as the toxic unit (TU) value, which quantifies the contribution of the 
toxicity of chemical i in the mixture of n chemicals (Jonker et al., 2005). The contribution 
of each component can be addressed in terms of the dimensionless TU concept, which is a 
method of toxicity scaling of the components present in the mixture. The effect 
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concentration (ECx) can be chosen, albeit the level where 50 % of effect is observed (EC50) 
is normally the most relevant, since it is in the middle of the dose response curve and thus 
less prone to variability.  
The CA reference model has predicted, successfully, the effect of mixtures of 
similar acting compounds in several toxicology and ecotoxicology studies (Hermens et al., 
1984; Deneer et al., 1988; Backhaus et al., 1999; Altenburger et al., 2000; Faust et al., 
2001; Junghans et al., 2003; Cleuvers, 2004; Richter and Escher, 2005; Baldwin and 
Roling, 2008; Porsbring et al., 2010). Concentration addition has been proposed as a 
possible default model for mixture toxicity assessment schemes in the European Union, 
due to its predictability power even in mixtures with dissimilar compounds (Boedeker et 
al., 1993; Lock and Janssen, 2002; Backhaus et al. 2004), and the fact that is more 
“conservative” than independent action, hence the effects predicted by CA are usually 
higher (with consequently smaller effect levels) than the effects predicted by IA 
(Kortenkamp et al., 2009).  
The independent action model is used to evaluate mixtures with components that 
have different modes of action and act upon different target sites in the organisms and it is 
based on response additivity (Köneman and Pieters, 1996). Bliss (1939) established that 
according to the IA model the “toxicity of any combination can be predicted from that of 
the isolated components and from the association of susceptibilities to the two 
components”. Thus, this reference model stipulates that the “effects of two factors 
[stressors] can be predictable from the response probabilities of the separate factors” taking 
in consideration the probabilistic independence of the response to each stressor present in 
the mixture (Piegorsch et al., 1986). Contrary to the CA model, under the independent 
action concept only the components that cause an effect are considered, thus components 
below the effects threshold (e.g. EC0) will not contribute to the toxicity of the mixture 
(Faust et al., 2003).  
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where Y is the biological response and qi(ci) is the probability of nonresponse 
(Jonker et al., 2005). For quantal responses (e.g. avoidance behaviour where the animal 
either is present or absent from the contaminated soil) this means that the unaffected 
proportion can be expressed by the probabilities of nonresponse to the toxicants, but for 
continuous data sets (e.g. shoot length of plants) the probabilities of nonresponse 
(unaffected proportion) must be multiplied by the maximum value, assumed to be the 
control value, in order to obtain the mixture toxicity suggested by the IA model (Martin et 
al., 2009).  
The independent action model has been able to predict the effects of dissimilarly 
acting chemicals in several ecotoxicological and toxicological studies (Van Gestel and 
Hensbergen, 1997; Backhaus et al., 2000; Payne et al., 2000; Walter et al., 2002; Faust et 
al., 2004; Jonker et al., 2004). Independent action has also been reported to predict the 
effects of similar acting compounds (Cedergreen et al., 2008; Syberg et al., 2008). This 
could be the result of the difficulty in defining the mode of action of chemicals, even for 
the case of pesticides where the mode of action is usually well established for the target 
organisms, secondary or subsidiary effects could derive from the designed target effect of 
the pesticide (Pope, 1999). Nevertheless, the independent action model has been regarded 
as a possible default model to assess, for example, cancer risk in human toxicology 
(Kortenkamp et al., 2007).  
 
1.3 Ecotoxicological assessment of pesticide mixtures 
 
It is recognized that the impact of a singe chemical exposure is an improbable 
event, thus the organisms are exposed to a cocktail of different contaminants in water, air 
and soil compartments. For example, edaphic organisms in agricultural fields are exposed 
to several pesticides (herbicides, insecticides, fungicides), which can be applied at the 
same time or in consecutive days (Santos et al., 2010b). Therefore, it seems pertinent to 
focus at a starting point on the risk that a single compound can pose to a given organism 
and address the effects that the application of several compounds can pose to non-target 
organisms.  
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Assessing the effects of pesticide mixtures, due to the almost infinite possibility of 
combinations of pesticides already present in soil ecosystems and the forthcoming new 
chemical entering the market, would be at best an unfortunate objective to anyone decided 
to undertake such a task. The European legislation (REACH) foresees mixture toxicity 
assessment only in specific cases of mixtures and at specific stages of non-target organism 
life cycle, although the European Union interest in the development and production of risk 
assessment schemes contemplates multi-pollutant exposure scenarios (Syberg et al., 2010). 
It also should be pointed out that the available legislation concerning the introduction of 
new chemicals contemplates the evaluation of toxic mixtures only for the aquatic 
compartment (EC, 2008).   
Although most studies dealing with pesticide mixtures have been published in the 
research area of aquatic toxicology, the publication of research papers about the joint 
effects of pesticides in terrestrial systems has flourished in the past years. The assessment 
of the effects of pesticides mixtures has been reported for a great variety of organisms such 
as mites (Chapman and Penman, 1980), insects (Ascher et al., 1986; Van der Greet et al., 
2000), carabid beetles and cockroaches (Fischer, 1992), lepidopters (Ahmad, 2004), rats 
(Gordon et al., 2006), plants (An and Lee, 2007; Chao et al., 2007), enchytraeids (Loureiro 
et al., 2009), nematodes (Jonker et al., 2004; Martin et al., 2009), earthworms (Lydy and 
Linck, 2003; Gomez-Eyles et al., 2009), birds (Chen et al., 2009), snails (Druart et al., 
2010), isopods (Loureiro et al., 2009; Santos et al., 2010b), and collembola (Martikainen et 
al., 1998; Broerse and Van Gestel, 2010). In the majority of the studies cited above, in 
some of the concentrations/combinations tested or in all the concentration range, an 
interaction between the pesticides was observed, reflecting antagonism or synergism of the 
mixture toxicity.  
For binary mixtures, the MIXTOX model proposed by Jonker and coworkers 
(2005) permit to detect deviations (interactions) from the two reference models of 
concentration addition and independent action. This descriptive model not only allows 
evaluating if synergism and antagonism occurs in the binary mixture, but also the 
description of two more complex deviations, namely dose ratio (deviation is dependent of 
the ratio of the two components of the mixture) and dose level dependent deviation 
(deviation is dependent of the dose of each component in the mixture).  




1.4 The use of microcosms in terrestrial ecotoxicology 
 
In recent years, enclosed model ecosystems (microcosms) have been developed in 
order to achieve a greater realism in the evaluation of pesticides and other xenobiotics 
(Van den Brink et al., 2005). Terrestrial microcosms are by definition, “soil units that 
contain multiple organisms from different trophic levels” (Burrows and Edwards, 2002). 
There are considered a useful tool for evaluate the effects of harmful compounds to soil 
organism “in their natural environment, and for tracking the effects of [the] responses at 
higher levels of biological organization, such as regulation of community structure, 
decomposition processes and primary production” (Lukkari et al., 2006). Since most 
ecotoxicological studies rely on the assessment of one single-test species (e.g. ISO 
guidelines), microcosms have been proposed as a functional tool to assess the effects of 
combined pollutants to several non-target species (Alonso et al., 2009). Although some 
prudence should be taken in consideration when extrapolating the results obtained in 
microcosms to field conditions (Kampichler et al., 2001), the fact is that microcosms can 
represent a step forward on the presentation of more “realistic” results in soil 
ecotoxicology. In the present work a small-scale terrestrial ecosystem (STEM) was 
developed, as a surrogate of real scenarios of exposure in agricultural fields. 
 
1.5 Tests organism and test chemicals 
 
In the present study three invertebrate species (the collembolan Folsomia candida 
Willem, the earthworm Eisenia andrei Bouché, and the isopod Porcellionides pruinosus 
Brandt) and two plant species (the monocotyledonous Triticum aestivum L. and the 
dicotyledonous Brassica rapa L.) were used in the several tests performed.  
Collembolans are part of soil ecosystems and their abundance and diversity has 
been used to assess the effects of different pollutants on soils (Moe et al., 2001), hence the 
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standardized protocols available for the assessment of its reproduction success (ISO, 1999) 
and avoidance behaviour (ISO, 2008b). The collembolan species Folsomia candida is one 
of the most used in ecotoxicology studies due to the ease in keeping in laboratory 
controlled conditions, relative short generation time and simplicity in manipulating along 
the experimental procedure (Ronday and Houx, 1996). Due to their contribution to the 
decomposition processes and organic matter break down, it seems important to study the 
effects that agricultural practices (in terms of pesticide application) may bring to their 
population levels (Eaton, 2006).   
Based on their biomass, earthworms are the predominant group of soil 
invertebrates, and are known to play an important role in improving soil quality and 
promoting plant productivity (Morgan et al, 2002).  In addition, earthworms have an 
important role as primary decomposers of organic matter, mixing of soil components, and 
are an important food source for other animals. Fields with earthworm populations can 
absorb water at a rate 4 to 10 times higher than fields lacking worm tunnels (Edwards and 
Bohlen, 1996). Moreover, they provide soil aeration and soil drainage which in turn 
increases the source of nutrients and enzymes for soil microorganisms (Kula & Larink 
1998). The earthworm Eisenia andrei has been considered a good test-species for the 
toxicity assessment of different types of chemicals (Van Gestel et al., 1992), as is attested 
by the standardized protocols available for the assessment of its reproduction success (ISO, 
1998) and avoidance behaviour (ISO, 2008a) to the application of chemicals.  
Terrestrial isopods are in certain ecosystems, namely in temperate habitats, the 
dominant components of the macrodecomposer community structure; they feed on decayed 
organic matter (litter) and are considered key regulators of such soil ecosystem functions 
as litter decomposition and nutrient cycling (Paoletti and Hassall, 1999). Several studies 
have been published with Porcellionides pruinosus, and this species has proven to be a 
good indicator of pesticide and metal contamination in soils (Loureiro et al., 2005; 
Loureiro et al., 2009; Santos et al., 2010b).  
Terrestrial plants have a paramount importance in ecosystems, due to their role in 
nutrient cycling, stabilization of soil (avoiding erosion), and primary production as well as 
providers of food and habitat to other organisms (Boutin et al., 1995). Therefore, the 
potential pernicious effects that pesticide application may pose to non-target plants can 
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change the equilibrium in agricultural ecosystems (Lydon and Duke, 1989). The two plant 
species used in this work have been employed in the ecotoxicological assessment of 
several xenobiotics (e.g. Günther and Pestemer, 1990; Kristen, 1997), and as a result 
guidelines concerning the evaluation of chemicals contain these two species as surrogates 
for terrestrial higher plants (ISO, 1995; ISO, 2004). 
Five different plant protection products were used in the tests performed: the 
molluscicidal baits metaldehyde and methiocarb, the insecticide dimethoate, the herbicide 
glyphosate and the acaricide spirodiclofen. In all experiments the commercial formulations 
were used, in compliance with regulatory application recommendations. 
The molluscicides methiocarb and metaldehyde are among the most used in the 
chemical control of snail and slugs, comprising almost 90% of the sales of molluscicides in 
the European territory (Henderson and Triebskorn, 2002). Metaldehyde induces severe 
alterations and ultrastructural destruction in mucocytes which leads to dehydration and 
subsequent death of molluscs (Triebskorn et al. 1998), whereas methiocarb acts upon the 
central nervous system inhibiting acetylcholinesterase (AChE), which can cause 
overstimulation of the nervous system and ultimately the death of the animal (Bailey, 
2002). The organophosphorous insecticide dimethoate is one of the most used PPP in 
Europe in agricultural fields (Eurostat, 2007), and its mode of action to invertebrates is 
through the inhibition of AChE (Matikainen, 1996). In plants it has been shown to be 
through the inhibition of the synthesis or action of hydrolytic enzymes inside the seeds 
(Chopra and Nandra, 1969). The post-emergence herbicide glyphosate, which is one of the 
most applied PPP in European countries (Eurostat, 2007), inhibits the 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme in plants (Steinrucken, and 
Amrhein, 1980). Spirodiclofen is a selective, non-systemic acaricide from the novel class 
of tetronic acid derivatives, which interferes with lipid biosynthesis by inhibiting acetyl-
Coa carboxylase in acari, and no effects in terrestrial plants were observed in previous 
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1.6 Conceptual framework 
 
This thesis is divided in seven chapters, including the current General Introduction 
(Chapter 1), five chapters (Chapters 2 to 6) describing the main results of the toxic 
assessment of the application of pesticides, and a General Discussion of the main results 
obtained in the work performed (Chapter 7).  
 In this study the effects of  PPPs in both single and binary mixtures were assessed 
in different endpoints as survival,  biomarkers and avoidance behaviour (Porcellionides 
pruinosus), reproduction success (Folsomia candida), vegetative growth and germination 
success (Triticum aestivum, Brassica rapa), and depth distribution and weight variation 
(Eisenia andrei). This work covered the effects of pesticide application from the 
assessment of differences in biomarkers activity in isopods through the effects of pesticide 
application in a multispecies microcosm’s apparatus, mimicking real scenarios of 
exposure. Therefore the studies performed span from cellular responses (enzymatic 
biochemical indicators) to the ecological interactions between several edaphic organisms 
exposed at the same time (microcosm design of small-scale terrestrial ecosystems).  
In chapter two: “Toxic effects of molluscicidal baits to the terrestrial isopod 
Porcellionides pruinosus (Brandt, 1833)”, the effects of two molluscicides, metaldehyde 
and methiocarb, were assessed at lethal levels along time, on the activity of three 
enzymatic biomarkers (AChE, Glutathione-S-transferase, and Catalase) on single and joint 
action to this terrestrial isopod.  
In chapter three: “Joint effects of three plant protection products to the isopod 
Porcellionides pruinosus and the collembolan Folsomia candida”, the assessment of the 
avoidance behaviour of P. pruinosus after 48 hours of exposure and the reproduction 
success of F. candida after 28 days of exposure were assessed in both single and binary 
combinations of the three PPPs using a LUFA 2.2 soil as exposure medium. For the 
assessment of pesticides’ combination, the MIXTOX tool was used to evaluate if the 
reference models CA and IA described the data obtained or if deviations (interactions) 
between the PPPs occurred in the binary mixtures.  
1. General Introduction 
 
14 
In chapter four: “The joint toxicity of three plant protection products to Triticum 
aestivum (L.) and Brassica rapa (L.)”, the application of dimethoate, glyphosate and 
spirodiclofen was assessed in terms of plant biomass production (fresh weight) and 
vegetative growth (shoot length) of the two plant species after approximately 21 days of 
exposure in both single applications and binary mixtures of the three PPPs using a LUFA 
2.2 soil. Again, for the evaluation of the joint effects, the MIXTOX model was used in 
order to see if the reference models CA and IA described the data or if deviations 
(interactions) between the PPPs occurred in the binary mixtures. 
In chapter five: “Evaluation of the joint effect of dimethoate and spirodiclofen to 
plants and earthworms in a designed microcosm experiment”, a designed small-scale 
terrestrial ecosystem was used with a Mediterranean agricultural soil where PPPs were 
applied. The objectives of this work were to evaluate if a microcosm experiment could 
mimic what happens in real exposure scenarios of application of PPPs and to compare, 
when possible, with results from single test species. For that it was assessed the combined 
effects of the two pesticides to the earthworm Eisenia andrei (in terms of depth distribution 
along the soil column, and weigh change) and the turnip species Brassica rapa (in terms 
short length and fresh weight) using the concept of independent action. The observations 
were made after 28 days of exposure to the pesticides in both single exposures (to the 
respective field dose, 5 and 10 times the field dose of each pesticide) and binary mixtures 
made with the same range of concentrations.  
In chapter six: “Evaluation of the joint effect of glyphosate and dimethoate using a 
small-scale terrestrial ecosystem”, the same experimental units were used to assess the 
effects of the two PPP on the depth distribution and weight change of E. andrei, on the 
growth, weight and germination success of B. rapa, on the enzymatic biomarkers of P. 
pruinosus and on the feeding activity of soil fauna (bait-lamina test). These endpoints were 
measured after 7 days of exposure (bait-lamina test) and 28 days of exposure to the 
pesticides in both single exposures (to the respective field dose, 5 and 10 times the field 
dose of each pesticide) and binary mixtures made with the same range of concentrations.  
In chapter seven: “General discussion”, the main results are discussed in terms of 
biological significance and practicability of the several experimental procedures 
performed. In conclusion, an encompassing perspective of the suitability of assessing 
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pesticide mixtures instead of the single application approach usually followed in 
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Methiocarb and metaldehyde are the most common molluscicides applied in agricultural 
and horticultural fields in Portugal and elsewhere in Europe. The application of 
molluscicidal baits to control slug and snail populations can pose a threat to non-target 
organisms like terrestrial isopods, because they are detritivorous and may feed on the toxic 
baits applied to the soil surface. The aim of this work was to evaluate the effects and 
understand the modes of action of these molluscicides to terrestrial isopods. In this study, 
the terrestrial isopod Porcellionides pruinosus was exposed to these two molluscicides and 
the time to lethality evaluated. Biochemical indicators (biomarkers) are known to provide 
early warning signs of environmental pollution or stress conditions to the organisms, by 
measuring cellular or molecular responses of the target organism to xenobiotic agents. 
Therefore to evaluate modes of action and effects and also to see if biomarkers can be used 
as early warning tools in molluscicidal exposures, three different enzymes, glutathione S-
transferase (GST), acetylcholinesterase (AChE) and catalase (CAT) were analyzed upon 
single exposures and binary mixtures tests. These two molluscicides showed to be of 
extreme concern regarding terrestrial isopods as all animals died after 24h of exposure to 
methiocarb and only 20% survived after 56h of exposure to metaldehyde. Results indicate 
that the carbamate methiocarb inhibited significantly AChE activity, but no effects were 
observed in CAT and GST levels. The exposure to metaldehyde had no effects on AChE, 
but a decrease in GST activity as well as a general increase in CAT activity was observed 
at the higher exposure period tested (32h). The combined exposure of the two 
molluscicides resulted in a general decrease in AChE and CAT activity, but no visible 
effects were observed in terms of GST activity. The LT50 values found in the single 
exposures to both molluscicides were very low, especially in the case of the carbamate 
methiocarb. The use of several biomarkers was a suitable tool to understand the mode of 








The chemical control of snails and slugs is mainly carried out with the use of 
molluscicidal pellets. The most commonly used molluscicides are metaldehyde and the 
carbamate methiocarb, which represent more than 90% of all European sales for 
molluscicides (Henderson and Triebskorn 2002). However, the use of these pellets can 
represent a hazard to non-target soil invertebrates such as woodlice that can feed on the 
pellets and thus be poisoned by these pesticides (Bailey 2002; Bieri et al. 2003). In 
agricultural fields molluscicides baits are randomly distributed in the soil surface (by 
manual or mechanical dispersion) in a way that in some surface areas the number of baits 
available will be higher than the established recommended dose. The application of 
molluscicides in some cultures (vineyards and orchards) implies several applications 
within 14 days safety interval. Moreover in some vegetable crops (e.g. horticultural) baits 
are applied near the stem in agglomerates, to prevent snails and slugs from attacking the 
aerial part of the plants. Looking at this, it seems plausible to admit that isopods could 
encounter more than the recommended dose of baits (granules per area).  
The modes of action of these two molluscicides in snail and slugs are well 
documented, with metaldehyde inducing severe alterations and ultrastructural destruction 
in mucocytes which leads to dehydration and subsequent death (Triebskorn et al. 1998), 
whereas methiocarb acts upon the central nervous system inhibiting acetylcholinesterase 
(AChE), which can cause overstimulation of the nervous system and ultimately the death 
of the animal (Engenheiro et al. 2005). Terrestrial isopods live on the surface layer of the 
soil, and are detritivorous species responsible for nutrient recycling in soil ecosystems 
(Zimmer 2002). Porcellionides pruinosus has been used in ecotoxicological tests (Loureiro 
et al. 2005; Loureiro et al., 2002) and is considered a good test-species to evaluate 
pernicious effects of xenobiotics (Loureiro et al. 2009). 
Biochemical indicators, known as biomarkers, can serve as early warning signs of 
environmental pollution or stress indication to soil organisms, and can be divided in three 
classes: exposure biomarkers, effect biomarkers, and susceptibility biomarkers (Schlenk 
1999). Biomarkers of exposure are related with cellular or molecular responses indicating 
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an interaction between an organism and a xenobiotic agent (Roberts and Oris 2004). 
Several studies have been made using biomarkers as tools to assess the effects of different 
pollutants to terrestrial isopods, as heavy metals (Köhler et al. 1996), PAHs (Stroomberg et 
al. 1999), organochlorine pesticides (Köhler et al. 1999), organophosphorous pesticides 
(Stanek et al. 2006) or titanium nanoparticles (Jemec et al. 2008). 
Three enzymes were chosen to perform this study, based on their specific action, 
relevance and sensitivity to xenobiotic compounds. Acetylcholinesterase is responsible for 
breaking down acetylcholine, an enzyme that is known to be inhibited by 
organophosphorous pesticides (OP) and carbamates. These pesticides can bind to the 
hydroxyl group of the functional part of this enzyme, resulting in a phosphorylated enzyme 
that has no activity, and hence cannot hydrolyze the substrate acetylcholine (Fulton and 
Key 2001). Glutathione S-transferase (GST) is a phase II detoxification enzyme, which is 
involved in the cellular detoxification of several chemicals, catalysing the conjugation of 
reduced glutathione to several xenobiotic agents (Hayes and Pulford, 1995), and is useful 
as an indicator of the effects of fungicides and insecticides (Schreck et al. 2008). Catalase 
(CAT) catalyzes the decomposition of hydrogen peroxide derived from the formation of 
other Reactive Oxygen Species (ROS), such as superoxide or hydroxyl radicals that were 
derived from Phase I detoxification processes and led by the cytochrome P450 enzyme 
(Brown et al. 2004).  
The aim of this study was to evaluate the effects of two molluscicides on the 
terrestrial isopod Porcellionides pruinosus (Brandt 1883). This assessment was made in 
three different steps: first, to evaluate lethal effects of both molluscicides in time, second to 
detect changes on the activity of three enzymatic biomarkers AChE, GST and CAT upon 
molluscicidal exposure, understand their modes of action in isopods, and question the use 
of biomarkers as early warning tools in this kind of exposures, and finally, to identify the 
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2.2 Materials and methods 
 
2.2.1 Test organisms 
The isopods used in this experiment were obtained from a laboratorial culture, 
maintained in a climatic chamber at 25ºC, 60% moisture content, and with a 16h: 8h light: 
dark photoperiod. Only adult animals (15–25 mg wet weight) with antenna were used. In 
the beginning of the test, no sex differentiation was done, although pregnant females were 
not used in the experimental procedure.  
 
2.2.2 Test chemicals 
Two molluscicides were used in the experiment: metaldehyde and methiocarb, as 
the commercial formulations of CARAKOL® (Impex™) containing 5% of metaldehyde 
and MESUROL® (Bayer™) with 4% of methiocarb, respectively. Tests were performed in 
LUFA 2.2 soil, commercialized by the German Institution LUFA Speyer. The soil used 
was characterized by the following properties: pH of 5.5, organic matter content of 3.9%, 
and 6% of clay, 17% of silt and 77% of sand.  
 
2.2.3 Experimental procedure  
 
2.2.3.1 Acute bioassay 
An acute bioassay was performed to establish the sensitivity of Porcellionides 
pruinosus to the molluscicide baits through time. Twenty isopods were exposed to 5 
metaldehyde baits for a period of 56 hours, and 20 isopods were exposed to 3 baits of 
methiocarb for 24 hours. Isopods’ fitness was routinely checked and registered, and the 
lethal time (LT50) after the beginning of exposure to the molluscicide baits was calculated. 
Considering the LT50 values calculated, several single exposure periods were chosen to 
evaluate the sub-lethal effects of each of the pesticides.  
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2.2.3.2 Single chemical exposure 
Each animal was placed individually in a plastic box, with a surface area of 0.0064 
m2 containing 30 g wet soil. In this experiment we used 5 baits of metaldehyde per test-
box, which gives a concentration 20 times higher than the recommended dose (39 pellets 
per m2). The recommended dose for the carbamate methiocarb is 20 baits per m2 and in the 
experimental procedure we tested 3 pellets per test-box, giving a concentration 30 times 
higher than the field recommended dose. Even though this scenario can be widely found in 
agriculture fields or gardens, because molluscicides application is done randomly and baits 
are usually found at high densities in some areas, forming agglomerates.  
 In this experimental setup isopods were collected 8, 16, 24 and 32 hours after 
metaldehyde exposure, and 1, 2, 3 and 4 hours after methiocarb exposure. Ten isopods 
were sampled per time of exposure. After each of these sampling times 5 isopods were 
collected from a control test-box, maintained under the same conditions although without 
any molluscicide baits. Thus, a total of 60 isopods was analysed per molluscicide. Isopods 
were then frozen at –80°C until the biomarker analyses were performed. In addition, 
several test-boxes with different exposure periods to control situations were also included 
in this experiment to determine if there were any shifts in the enzymatic activities 
throughout time. 
 
2.2.3.3 Experimental procedure – mixture toxicity exposure 
For the mixture toxicity tests, isopods were exposed to the two molluscicides in six 
different combinations for time of exposure. Each combination comprised 10 isopods 
exposed individually to 3 baits of methiocarb (Mb) and 5 baits of metaldehyde (Md), 
alternatively and never simultaneously (Table 2.1). In addition, several isopods were also 
kept in a test-box without any contamination (control conditions) as the mixture 
experiment went on. 5 isopods were collected after 17 hours, 5 isopods were collected after 
25 hours and finally 10 isopods were collected after 34 hours. Again, after each sampling 
time, animals were stored at –80ºC until the biomarkers analyses were performed. 
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Table 2.1: Design experiment of the six combinations performed with three baits of methiocarb and five baits 




First exposure period Second exposure period 
Mb1hMd16h 1h to methiocarb 16h to metaldehyde 
Mb1hMd32h 1h to methiocarb 32h to metaldehyde 
Md32hMb1h 32h to metaldehyde 1h to methiocarb 
Md32hMb2h 32h to metaldehyde 2h to methiocarb 
Mb1hMd24h 1h to methiocarb 24h to metaldehyde 
Mb2hMd24h 2h to methiocarb 24h to metaldehyde 
 
 
2.2.4 Preparation of the animals 
For the biomarker analysis isopods were divided in two sections: head and body. 
The head was used for the AChE assay and the remaining body was used for GST and 
CAT assays. Homogenisation of the animals was made using a sonicator (KIKA 
Labortechnik U2005 Control™).  
 
2.2.5 Determination of AChE activity 
After sonication, samples using isopods’ heads were centrifuged at 1,700g for 3 
min at 4ºC. The obtained supernatant was immediately assayed for AChE activity 
according to the Ellman technique (1961) adapted to the microplate (Guilhermino et al. 
1996). In a 96 well microplate 250 μl of the reaction solution was added to 50 μl of the 
sample and absorbance was recorded at 414 nm, after 10, 15 and 20min.  The reaction 
solution had 1ml of 5,50-dithiobis-2-nitrobenzoic acid (DTNB) 10mM solution, 1.280 ml 
of 0.075M acetylthiocholine iodide solution and 28.920 ml of 0.1M phosphate buffer. The 
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enzyme activity is expressed as unit (U) per mg of protein. A U corresponds to a nmol of 
substrate hydrolyzed per minute, using a molar extinction coefficient of 1.36x10–3 M–1 cm–
1. 
 
2.2.6 GST analysis 
Glutathione S-Transferase activity was determined based on the method described 
by Habig et al. (1974) and adapted to microplate (Diamantino et al. 2001). We mixed 100 
μL of PMS in 200 μL of a reaction solution. The reaction solution was a mixture of 4.950 
ml K-Phosphate 0.1 M (pH 6.5) with 900 μL GSH 10mM, and 150 μL 1-chloro-2,4-
dinitrobenzene (CDNB) 10mM, and was measured at 340 nm. The enzyme activity is 
expressed as unit (U) per mg of protein. A U corresponds to a nmol of substrate 
hydrolyzed per minute, using a molar extinction coefficient of 9.6 x10–3 M–1 cm–1. 
 
2.2.7 CATALASE analysis 
Catalase activity was determined based on the method described by Clairborne 
(1985), consisting in mixing 50 μl of PMS with 500 μL H2O2 0.030 M, and 950 μL K-
Phosphate 0.05 M (pH 7.0) and measuring the decomposition of the substrate (H2O2) at 
240 nm. The enzyme activity is expressed as unit (U) per mg of protein. A U corresponds 
to a µmol of substrate hydrolyzed per minute, using a molar extinction coefficient of 40 M–
1 cm–1. 
 
2.2.8 Statistical analyses  
The time after which 50% of the animals were found dead in the test-boxes 
following molluscicide application (LT50) was calculated using a logistic equation 
(STATISTICA 7).  
Enzymatic activities obtained in the different controls (different time periods) were 
compared using a one way ANOVA (SIGMA STAT 3.5.) to detect possible differences 
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between animals collected in different periods from the control test-boxes. If enzymatic 
activities in control animals were not different in any of the experiment periods, these 
values were pooled and used as a total mean control to compare changes in enzymatic 
activities of animals exposed to the molluscicides also using a one way ANOVA (SIGMA 
STAT 3.5.). Whenever data were not normally distributed and data transformation did not 
correct for normality, a Kruskal–Wallis ANOVA on Ranks was performed, followed by 




2.3.1 Acute bioassay  
After a period of 24 h of continuous exposure to methiocarb baits all the animals in 
the test boxes were found dead, and a LT50 = 7.27 (5.38h–9.18h) was obtained (Fig. 2.1). 
This result clearly indicates the severe toxicity of this molluscicide to the terrestrial isopod 
Porcellionides pruinosus. The application of metaldehyde baits also resulted in an high 
mortality rate (Fig. 2.1) after the 56h period of exposure with a calculated LT50 of 50.49h 
(50.48–50.50h). It was observed that upon exposure, isopods detected (by smell or vision) 
the blue baits, and almost immediately direct themselves to the baits, walking around them 
and bite a small fraction of one bait. After this episode, isopods start to show effects from 
baits toxicity like changes in pattern mobility. 
 


















Fig. 2.1 - Percentage of survival of the isopod Porcellionides pruinosus exposed to three methiocarb baits 
(straight line) and five metaldehyde baits (dashed line) in time. 
 
2.3.2 AChE activity 
No statistical differences were found between activities observed in controls 
periods of metaldehyde (P=0.473), methiocarb (P=0.824) and combined experiments 
P=0.463).  
 Metaldehyde did not have any effects in the activity of AChE of the isopod 
Porcellionides pruinosus. After comparing the four exposure periods with the 
correspondent control values no differences were found in this enzyme activity. The results 
in AChE activity were homogenous during the 32 hours of exposure and no variations 
were found between the animals exposed (Fig. 2.2). 
 Methiocarb significantly inhibited AChE activity in P. pruinosus already after the 
first hour of exposure to the molluscicide baits and throughout the experimental period. In 
all sampling times the enzymatic activity of exposed animals was smaller than the control, 
with its lowest activity being observed after 4 hours of exposure (53,997 U/mg protein), 
showing an inhibition of 42% compared with control activity (Fig. 2.2).  
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 In the joint toxicity experiments a significant inhibition of AChE activity was found 
in almost all the combinations performed (H = 60.19, P ≤ 0.001), with the exception of the 
combination of Md32hMb1h, where the activity obtained in the exposed animal (132.81 
U/mg protein) was similar to control animals. Although not expected, a significant increase 
in AChE activity in comparison to the control was observed in the combined effect of 32 
hours of metaldehyde plus 2 hours of exposure to methiocarb (Fig. 2.2). In this 
combination the value calculated (281.47 U/mg protein) was more than the double 
observed in the control (130.50 /mg protein). This experiment was repeated twice and the 
pattern of response of increased AChE activity in the referred combination was consistent 
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Fig. 2.2 - AChE activity in Porcellionides pruinosus exposed to metaldehyde, methiocarb and six different 
combinations of the two baits. Results are expressed as the mean value of AChE activity (U/mg protein) with 
associated standard error. * indicates significant differences between control and treatments (P ≤0.05) 
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2.3.3 GST activity 
No statistical differences were found between activities observed in controls 
periods of metaldehyde (P=0.853) methiocarb (P=0.581) and combined experiments 
(P=0.682).  
 An increase in GST activity after giving metaldehyde baits to the isopods was 
observed after 16h of exposure exhibiting 125% of the activity calculated for the control 
animals (Fig. 2.3). Extending the exposure periods to 24 and 32 h GST activity decreased. 
In these two experimental periods the enzymatic values calculated for 24h and 32h was 
37.98 and 39.92 U/mg protein, resulting in an inhibition of 73% and 78%, respectively.  
 Methiocarb did not have any effects in GST activity (Fig. 2.3); values calculated for 
24h and 32h and respective control periods were consistent during the experimental period 
without any oscillation of the calculated values of activity. In addition, the combination of 
the two molluscicides did not provoke any effects in GST activity, in all combinations the 
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Fig. 2.3 - GST activity in Porcellionides pruinosus exposed to metaldehyde, methiocarb and six different 
combinations of the two baits. Results are expressed as the mean value of GST activity (U/mg protein) with 
associated standard error. * indicates significant differences between control and treatments (P ≤0.05) 
2.3.4 CAT activity 
No statistical differences were found between activities observed in control periods 
of metaldehyde (P=0.506) methiocarb (P=0.122) and combined experiments (P=0.433).  
 The application of metaldehyde baits caused an increase in CAT activity in all 
exposure periods but the 16h sampling time (Fig. 2.4). This increase in CAT activity was 
more evident after the periods of 24h, where the mean values in exposed animals (409.05 
U/mg protein) were 6 times higher than the values in the control (86.63 U/mg protein). 
Also in the last sampling time (32h) the mean values of the antioxidant enzyme in the 
animals exposed to the baits were twice  the values in  control situation (228.47 U/mg 
protein). CAT activity values were consistent along the four hours of exposure to 
methiocarb baits, since no variation in this enzyme activity was observed (Fig. 2.4). 
Although an inhibition of 71% and 63% of CAT activity was found after 2h and 3h of 
exposure to this molluscicide, no significant differences were found after the statistical 
procedure. In the mixture experiments, only two combinations (Mb1hMd24h and 
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Mb1hMd32h) were statistically different from the control (Fig. 2.4), showing and 


























Fig. 2.4 – Catalase activity in Porcellionides pruinosus exposed to metaldehyde, methiocarb and six different 
combinations of the two baits. Results are expressed as the mean value of CAT activity (U/mg protein) with 




Methiocarb and metaldehyde caused severe lethal effects to the terrestrial isopod 
Porcellionides pruinosus in short-term exposures, although methiocarb and metaldehyde 
are considered non-harmful to terrestrial invertebrates, mainly due to its rapid dissipation 
in soil (Meredith 1996, Bieri et al. 2003). The scarce amount of time needed to observe 
lethal effects after bait consumption in the acute bioassay performed clearly indicates that 
molluscicides application represents a risk for these terrestrial invertebrates. Regarding the 
rapid effects that these compounds induce, a regular risk assessment procedure might not 
be possible as dose-effects assessments are not clear. Instead, time to death can be 
considered a useful approach in situations similar to this one, where short time periods 
(e.g. few hours) are enough to induce lethality. In addition chronic evaluation, using 
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sublethal concentrations will be improbable as dosages are not controlled. As explained 
before, it was observed that after some minutes of exposure, isopods were attracted by the 
baits and bitted a small portion of one of the bait, resulting is almost immediate effects 
(changing in mobility patterns). Thus, the dose applied in this study can not be related to 
the effects and will be difficult to quantify. 
 Metaldehyde did not have any effect in the AChE activity during the exposure 
period of 32 hours, since no variations in AChE levels were observed in the exposure 
periods sampled. This seems to indicate that metaldehyde and its metabolic secondary 
product aldehyde, tested in the conditions described, do not affect this enzyme activity.  
 Following application of the molluscicide metaldehyde some authors indicate a 
diminution in AChE activity in the nervous tissue of the snail Lymnaea acuminata (Tiwari 
et al., 2008). Others (Putchakayala and Ram 2000) found that although having been 
responsible for an excitatory effect in muscle contraction in the zebra mussel, metaldehyde 
did not enhance or inhibit the effects of acetylcholine, probably because the two stimulants 
activate different cells within the organism. The application of methiocarb strongly 
inhibited AChE activity being reduced after 1 hour of exposure to almost 50 % compared 
to the control. This drastic inhibition of AChE activity surely can be linked with the mode 
of action of the carbamate methiocarb, which is designed specifically to inhibit this 
enzyme, as it was attested by several research papers concerning the effects of this 
pesticide in AChE activity of various non-target species (Taylor 1996; Wellman and 
Heimbach 1996; Jensen 1998; Hyne and Maher 2003; Boran et al. 2007; Radwan et al. 
2008). The strong decrease in AChE activity within a small exposure period is also in 
agreement with previous studies that illustrated the decrease in the activity of this enzyme 
when terrestrial isopods were exposed to organophosphate insecticides, that have a similar 
inhibitory influence in AChE as carbamates, even at sublethal concentrations (Fischer 
1997; Ribeiro et al. 1999; Stanek et al. 2003; Engenheiro et al. 2005). The depression in 
AChE activity as a direct result of Porcellionides pruinosus ingestion of methiocarb pellets 
and the sensitivity of this enzyme to exposure represents a specific response and is of 
critical importance in the determination of the mode of action of this molluscicide to 
terrestrial isopods, and therefore can be considered a precise biomarker of exposure 
(Peakall 1999).  
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 In the combinations where the methiocarb pellets were first given to the animals, 
AChE activity decreased in comparison with the control animals. In these cases, apparently 
the subsequent period of exposure to metaldehyde baits had no effect in the enzymatic 
activity, since enzyme activity was comparable with the single experiments with 
methiocarb tested with the same exposure period. It is noteworthy, however, to observe 
that in one mixture AChE activity increased in comparison to control values. The 
combination comprised 32 hours of exposure to metaldehyde plus 2 hours of exposure to 
methiocarb. In this treatment the values obtained for AChE activity were the highest of all 
the experiments performed and almost twice the activity registered in the single toxicity 
experiment with metaldehyde for 32 hours. Previous works using the fresh water snail 
Lymnaea stagnalis (Mills et al. 1990; Mills et al. 1992) described an increase in firing 
activity and development of paroxysmal depolarising shifts in buccal motoneuron, 
indicating severe alterations in the central nervous system (CNS) after application of 
metaldehyde. This suggests that these alterations could provide a useful model for 
screening the effects of molluscicides on a functional neuronal network. An induction in 
the AChE activity has been recorded in cytochemical experiments, in which sequence 
analysis revealed that AChE expressed in apoptotic cells could be considered a biomarker 
and a regulator of apoptosis (Zhang et al. 2002). The results seem to indicate that the 
application of this molluscicide has an impact on the CNS of Porcellionides pruinosus, and 
that increasing time of contact with the pellets induces an augment of AChE activity. From 
the above, one can hypothesize that the increase in AChE activity might be a result of 
intra-specific responses of the CNS of this isopod species to the application of 
metaldehyde baits in combination with methiocarb baits.  
 Following the application of metaldehyde, GST activity increased significantly 
after 16h of exposure and this induction might be related to the presence of the xenobiotic 
and subsequent activation of the natural detoxifying defence system (Van der Oost et al. 
2003). After 24h and 32h of exposure, the values of GST activity decreased in comparison 
with the values in the control animals. It seems that after triggering GST levels, the 
continuous exposure to metaldehyde led to an inhibition of GST activity, which is in 
conformity with other studies where early induction of GST was not sustained during 
longer exposure periods (Ferrari et al. 2007). In adults of the isopod species Porcellio 
scaber a decreased GST activity was also found after application of the neonicotinoid 
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imidacloprid (Drobne et al. 2008), which is in conformity with our results. It is important 
to state that this induction of GST activity and subsequent decrease with time of exposure 
not only reveals the role of this detoxifying enzyme in the biotransformation of 
metaldehyde, but is a valuable contribution to understand the mode of action of this 
molluscicide to Porcellionides pruinosus.  
 The relatively homogenous response throughout the test period seems to point out 
that methiocarb does not have an effect on GST activity, since no induction or reduction in 
the basal levels of this enzyme was detected. This indicates that at least in the tested 
exposure period no activation of this xenobiotic metabolizing enzyme occurs, which also 
has been observed in previous works where this enzyme conjugate was proven to be 
insensitive to the application of carbamates (Ribera et al. 2001) and organophosphorous 
pesticides (Massa et al. 2008) in earthworms and lepidopters. The lack of sensitivity of 
GST to some classes of insecticides may be related to intrinsic and molecular properties of 
this enzymatic complex (Crane et al. 2002), and in some cases the time of exposure or 
concentration of the xenobiotic is not enough to activate this enzymatic complex.   
 In the binary experiments with the two molluscicides no changes in GST activity 
were observed, even in the combinations where metaldehyde baits were given at first, at 
concentrations that caused a decrease in the GST levels in single toxicity experiments. The 
subsequent period of exposure to methiocarb baits could be responsible for a 
“compensation” in the enzymatic levels, and thus the inhibitory effects are not evident in 
the combination experiments. This response in all combinations tested, with no variations 
found along the exposure periods, seems to confirm that this enzymatic conjugate can not 
always be used to detect an impairment caused by pesticide application, and thus results 
should be interpreted carefully (Hyne and Maher 2003).   
Among biomarkers used in toxicological evaluation, those based on antioxidant 
defences, like catalase, reveal potentially impairment in an organism’s fitness mediated by 
the formation of ROS (Bochetti et al. 2006). The increase in ROS production is known to 
result in an increased oxidative damage to macromolecules and alterations in critical 
cellular processes (Howcroft et al. 2009).  Following application of metaldehyde an 
increase in CAT activity was observed in the first two periods of exposure, with a 
significant increase in the 24h and 32h exposure periods. This result is in conformity with 
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previous studies that also observed a significant increase in CAT activity in terrestrial 
snails after the administration of metaldehyde (el-Wakil and Radwan 1991), and might be 
indicative of a defence mechanism towards cellular damage occurring in the organism as a 
consequence of ROS formation. 
CAT activity did not have statistical differences in the four sampling times of 
methiocarb exposure when compared with control values, although a decrease was 
observed after 2h and 3h of exposure to the carbamate. A decrease in CAT activity upon 
pesticide exposure has been described for other isopod species, like Porcellio scaber 
(Jemec et al. 2008), mussels and daphnids (Khessiba et al. 2005, Jemec et al. 2007). This 
non-activation of CAT activity in this isopod species might also be related to the results 
obtained in the enzyme GST, which was also not induced by the exposure to methiocarb 
and the fact that the short period of exposure to the carbamate was not sufficient to induce 
changes, since it is known that carbamate pesticides do cause oxidative stress and are 
responsible for the activation of CAT (Maran et al. 2009). 
An inhibitory pattern of CAT activity was observed in the combinations experiment 
where the animals first received methiocarb baits. In only two of the sampling times the 
decrease on CAT activity was statically significant (Mb1hMd24h, Mb1hMd32h), and the 
following period of exposure to metaldehyde baits was not enough to reverse the effects 
obtained in these combinations. The decreasing activity of CAT observed in the single 
exposure to methiocarb seems to be confirmed in this combined experiment, since 
statistical differences from the control were observed. This could be a consequence of a 
longer period of exposure of the animals to the baits in the combined experiment in 
comparison with the single administration of methiocarb. In the combinations where 
metaldehyde baits were given at first no differences in CAT activity were found in 
comparison with the enzymatic levels observed in the control. These results were not in 
accordance with the extreme increase in CAT activity found in single toxicity experiments 
with metaldehyde, but probably the subsequent exposure to methiocarb baits could be 
responsible for the mitigation of an increased CAT activity during the exposure to 
metaldehyde baits.  
 




The LT50 values found in the single exposures to both molluscicides were very 
low, especially in the case of the carbamate methiocarb. This clearly indicates the severity 
of the exposure to these baits by terrestrial isopods, since even a short exposure to the baits 
redounded to an extremely high mortality rate. So, it seems pertinent to take this into 
account in risk assessment schemes for molluscicides application in agricultural fields or 
gardens, and its impact on macrofauna like terrestrial isopods. As expected, due to the 
specificity of this enzyme AChE activity seems to be an accurate biomarker of exposure to 
the carbamate methiocarb. The two enzymes GST and CAT, involved in protecting cellular 
damages from oxidative stress, confirmed also to be useful in assessing metaldehyde 
exposure. The use of several biomarkers was a suitable tool to understand the mode of 
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The effects of simultaneous application of plant protection products are of concern since 
the uses of different products pose an additional risk to non-target soil organisms. The 
effects of binary combinations of dimethoate, glyphosate and spirodiclofen, an insecticide 
an herbicide and an acaricide, on the avoidance behaviour of the terrestrial isopod 
Porcellionides pruinosus and the reproductive effort of Folsomia candida were assessed 
using the two reference models of concentration addition (CA) and independent action 
(IA). Results of single exposure to the three pesticides indicated a clear dose related 
avoidance response of the isopods in the highest concentrations tested of the three as well 
as a strong decrease in collembolan adult survival and concomitant number of juveniles 
produced. In the combined experiments, antagonism was found in 7 out of the 12 
combinations, 4 combinations followed the reference models, and only in one combination 
synergism was detected (lower doses of glyphosate and spirodiclofen applied to P. 
pruinosus). In conclusion, it seems that mixing and applying these products, at the 
recommended field application rate, does not lead to enhanced toxicity, hence limited risk 
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3.1. Introduction 
Chemical risk evaluation is based on the assessment of the effects of single 
chemicals to single test-species although in real scenarios organisms are exposed to 
mixtures of chemicals (Baas et al, 2007). In agricultural fields, for example, several 
pesticides are applied at the same time or in consecutive days, which could pose an 
additional risk to non-target organisms (Junghans et al, 2006). Therefore it seems pertinent 
to evaluate possible detrimental effects that may arose from the combined application of 
pesticides to non-target edaphic organisms (Larsen et al, 2003).  
Two different concepts, imported from pharmacological studies, are used in the 
ecotoxicological assessment of chemical mixtures: concentration addition (CA), first 
described by Loewe and Muischneck (1926), and independent action (IA), described by 
Bliss (1939). The main difference among these two concepts is related with chemicals 
mode of action, since CA is used for similarly acting substances whereas IA is used for 
dissimilarly acting substances, although both models assume that no interaction between 
the two substances in the mixture takes place (Hewlett and Plackett, 1959). Both 
conceptual models (CA and IA) were fitted to the isopods avoidance behaviour data and 
collembolan reproductive output data gathered from the three binary mixtures performed.  
The strategy followed in this study was based on the fact that the specific molecular 
mode of action of these three pesticides to the isopod Porcellionides pruinosus and 
Folsomia candida were unknown, thus in the absence of a clear and precise knowledge of 
the mechanism of toxicity that one chemical may exert to the target-organism, CA and IA 
can be used as equally valid reference models (Gomez-Eyles et al., 2009). In 2005, Jonker 
et al. described the MixTox model as a tool that can be used to derive patterns of response 
of binary mixtures. As a first approach this tool fit ecotoxicity data to the conceptual 
models (the CA or the IA) and then evaluated if there are any deviations for 
synergism/antagonism or dose level or ratio dependencies (i.e. depending on low or high 
doses, or dependent on the ratio of the chemicals in the mixture, respectively). 
In soil ecosystems terrestrial isopods can be found in the soil surface layer and are 
responsible for the decomposition of litter contributing decisively for nutrient recycling in 
edaphic ecosystems (Zimmer, 2002).  Their importance in influencing microbial 
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respiration as well in increasing the availability of macronutrients in the upper soil layer 
has been well established (Kautz and Topp, 2000). So, the evaluation of possible 
impairments in the isopods populations due to applications of pesticides is of critical 
importance, considering the essential role in soil ecosystems maintenance that these 
organisms have (Loureiro et al., 2005).  
The springtail Folsomia candida is a useful indicator organism because it has a 
short life cycle, is present in high densities in terrestrial ecosystems and has a widespread 
distribution through all Europe (Skovlund et al., 2008) and can give an earlier indication of 
ecosystem disturbance (Jänsch et al., 2005). This species is parthenogenetic, easy to culture 
and has a relatively short generation time, so it is possible to study different individual and 
population parameters in one experiment (Greenslade and Vaughan, 2003). It contributes 
to the decomposition processes in soil by grazing on bacteria and fungi and breaking down 
organic matter (Petersen, 2002) so it is important to understand if agricultural practices 
may affect their population levels (Eaton, 2006).   
Several tests have been standardized and are available to evaluate chemical 
exposure as the earthworms and springtails avoidance behaviour standardized tests (ISO, 
2008; ISO, 2010). Avoidance behaviour, first applied to evaluate earthworm behaviour in 
escaping from contaminated soils (Yeardley et al, 1996), have been used to evaluate the 
effects of pollutants to several soil organisms (Loureiro et al, 2009; Amorim et al, 2008; 
Natal-da-Luz et al, 2008; Owojori and Reinecke, 2009). These tests are nowadays 
considered a good tool to screen soil contamination since they are cheap, quick and easy to 
perform and furthermore are sensitive to a broad spectrum of contaminants (Römbke, 
2008). In conclusion, avoidance behaviour represents a robust endpoint to evaluate and 
predict the effects of environmental contamination in soil organisms (Loureiro et al, 2005; 
Aldaya et al, 2006).  
Among the several parameters studied in ecotoxicological tests, the evaluation of 
the reproduction output of soil organisms is considered to be an effective and ecological 
relevant parameter to assess pesticide effects in terrestrial ecosystems. Thus, to assess the 
effects of pesticides in soil organisms standardized ecotoxicological laboratory tests mainly 
focused on parameters like survival and/or reproduction are available (e.g. ISO, 1999).  
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The herbicide glyphosate inhibits the biosynthesis of aromatic amino acids, and 
deregulates the shikimate pathway which leads to general metabolic disruption (Reddy et 
al, 2008). The insecticide dimethoate is one of the most commonly applied insecticides in 
agricultural fields, which acts trough the inhibition of cholinesterase enzyme activity 
(Martikainen, 1996). Spirodiclofen is a selective, non-systemic acaricide from the novel 
class of tetronic acid derivatives, which interferes with lipid biosynthesis by inhibiting 
acetyl-Coa carboxylase (Nauen, 2005; Wachendorff et al, 2002). The three plant protection 
products (PPPs) were chosen based on their different modes of action, but also due to the 
market share that dimethoate and glyphosate have in Europe as the most sold pesticides 
and spirodiclofen, which has been recently introduced in Portugal (Vieira, 2009).  
Considering the possible and real scenarios of fields contaminated with PPPs 
cocktails and the available tools to evaluate their potential effects on key-species 
populations, the purposes of this study were: firstly, to determine the effects of three 
commonly used PPPs on the avoidance response pattern of Porcellionides pruinosus and in 
the reproductive output of Folsomia candida; secondly to predict the response patterns for 
mixture exposures using the CA and IA conceptual models for the two test-species.  
  
3.2 Materials and Methods 
 
3.2.1 Test organisms 
The isopods used in these experiments were obtained from a laboratorial culture, 
where they are maintained in a climatic chamber at 25ºC, 60٪ moisture content, and with a 
16h: 8h light: dark photoperiod. Only adult animals (15-25 mg wet weight) were used. No 
sex differentiation was done, although pregnant females were not chosen to the 
experimental procedure.  
 The collembolan were obtained from a laboratory culture, maintained at a constant 
regime of 16h light, 8h dark and a constant temperature of 17 ± 2ºC. The springtails were 
cultured in plastic boxes lined with a mixture of plaster of Paris and activated charcoal in a 
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ratio of 10:1. On a weekly basis granulated dry yeast was added as food in small amounts 
to avoid spoilage by fungi.  
 
3.2.2 Test Chemicals and Test Soil 
Three pesticides were used in the experimental procedure as commercial 
formulations: the post-emergence herbicide glyphosate (ROUNDUP® with 360 g AI/L, and 
which contains glyphosate-isopropylammonium (45%), surfactant (16%) and water 
(42.5%)), the organophosphorous insecticide dimethoate (AGROR® with 400 g AI/L and 
which contains dimethoate (40 %), ciclohexanone (28.4%), nonylphenol ethoxylate 
(2.2%), petroleum naphta (26.1%) and calcium alkyl benzene sulphonate inpropil 2-ol 
(0.4%)) and the acaricide spirodiclofen (ENVIDOR® with 240 g AI/L which contains 
spirodiclofen (23.3%), ethoxylated polyarylphenol (1-22.5%) and glycerine (> 1%)). The 
nominal concentrations used for glyphosate ranged from 0.5 to 54.5 mg/Kg dry soil in the 
avoidance experiment and between 0.1 and 2 mg/Kg dry soil in the reproduction test; for 
dimethoate the nominal concentration used ranged from 0.2 and 80 mg/Kg dry soil in the 
avoidance experiment and between 0.1 and 2 mg/Kg dry soil in the reproduction 
experiment; for spirodiclofen the nominal concentration used ranged from 0.04 and 2.7 
mg/Kg dry soil in the avoidance and reproduction tests.   
All tests were performed with LUFA 2.2 soil, commercialized by the German 
Institution LUFA Speyer. The properties of this soil include a pH=5.8, organic 
matter=3.9%, texture= 6% clay; 17% silt and 77% sand.  
 
3.2.3 Single exposure procedure with Porcellionides pruinosus 
The avoidance tests conducted with Porcellionides pruinosus were performed 
based on a methodology proposed by Loureiro et al (2005), consisting in exposing 10 
isopods in a rectangular plastic box (14,3cm x 9,3 cm x 4,7 cm height) divided in two 
sections, one with the control soil and the other with the test soil (contaminated). Five 
concentrations of each pesticide plus the double control (both sides with control soil) were 
tested using 3 replicates each, in a total of 18 test boxes per pesticide (Fig. 3.1). The 
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volume of pesticides needed was added to distilled water and spiked in the soil (adjusted to 
60% of the WHC). The pH was measured in the beginning and end of the test, and no 
significant changes in pH values were observed in any of the concentrations tested (pH 
values varied in a 5% interval). After 24 and 48 hours the number of animals in each side 
of the test-box was counted and mortality was registered. The percentage of avoidance was 




 (ISO, 2008), where A is the percentage of 
avoidance, C is the number of animal in control soil, T is the number of isopods in test 
(contaminated) soil and N is the total number of organisms. All calculations done were 
based in the nominal concentrations. The values of percentage of avoidance were used to 
calculate the AC50 in the several single exposures, and subsequently to design the binary 
mixture combinations.  
 
3.2.4 Single exposure procedure with Folsomia candida 
The experimental procedure for the reproduction test with the springtail Folsomia 
candida was performed accordingly to the ISO 11267 protocol (ISO, 1999). In the 
beginning of each experiment, 30 g of sieved soil (dry weight; 5mm mesh) was moistured 
to 60% of its water holding capacity. Five concentrations of each pesticide plus the control 
were tested using 5 replicates each, in a total of 30 test boxes per pesticide. Afterwards, 10 
synchronised springtails (10-12 days old) were introduced in each of the five replicates. In 
the beginning of the test and after a 14 days’ period, approximately 2 mg of dry yeast was 
added to all test containers. Twice a week the tests containers were opened to allow 
aeration, and water was added when necessary. After 28 days, the content of each test 
vessel was carefully transferred into larger vessels and filled up with water and some drops 
of blue ink. After moderate stirring, adults and juveniles floating in the water surface were 
photographed and counted using the image analysis software provided by Sigma Scan. The 
pH was measured in the beginning and end of the test, and no significant changes in pH 
values were observed in any of the concentrations tested (pH values varied in a 5% 
interval). 
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3.2.5 Mixture exposure 
In the mixture experiments twenty-three binary combinations, based on the AC50 
and EC50 values found in the previous single exposure experiments, were made 
simultaneously with five single concentrations of each pesticide and one control, without 
replication, in a total of 34 test-boxes for each binary experiment (Fig. 3.3 and Fig. 3.4). 
The range of toxic units (1 TU = EC50 or AC50 of the pesticide) in the binary experiments 
went from 0.375 to a maximum of 3 (see Fig. 3.1 and Fig. 3.2 for further details). The TU 
of each pesticide was never higher than 2 in any of the binary combinations made. In the 
mixture experiments, the number of replicates per combination was reduced to one, so that 
more combinations could be tested and thus a wider set of points along the response 
surface could be obtained (Ferreira et al., 2008). As a consequence the power of the 
analysis increased since the analysis performed lays on regression models and differences 















Fig. 3.1 - Experimental design of the binary combinations performed in the reproduction tests with Folsomia 
candida based on the toxic units (1 TU = EC50) of glyphosate, dimethoate and spirodiclofen obtained in the 
single exposure tests. Data for [Chem 1] vs [Chem 2] refers to glyphosate vs dimethoate; glyphosate vs 
spirodiclofen; dimethoate vs spirodiclofen. 
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Fig. 3.2 - Experimental design of the binary combinations performed in the avoidance tests with 
Porcellionides pruinosus based on the toxic units (1 TU = EC50) of glyphosate, dimethoate and spirodiclofen 
obtained in the single exposure tests. Data for [Chem 1] vs [Chem 2] refers to glyphosate vs dimethoate; 
glyphosate vs spirodiclofen; dimethoate vs spirodiclofen. 
 
3.2.6. Statistical analysis 
For the avoidance behaviour tests the concentration causing an avoidance 
percentage of 50% in exposed animals (AC50) for each pesticide was calculated using the 
Probit regression scheme (MINITAB 13), assuming that when 50% of the animals are in 
each section of the box, no avoidance effect is observed (A=0).  
For the reproduction test, differences between the number of juveniles produced by 
collembolans in the control and the soil treatments were analysed using a one-way 
ANOVA, followed by post-hoc Dunnett´s test (α<0.05). EC50 values were determined 
using appropriate (i.e. the best fit) non-linear models. The concentration responsible for a 
decrease in 50% of adult collembolans that survived the exposure period (LC50) was 
calculated following the same procedure. For all the analysis mentioned above, 
STATISTICA 7.0 software provided by StatSoft Inc.,was used.  
The tool used to analyze and compare the data in the present study was the 
MIXTOX model (Jonker et al, 2005), which allow us to fit data to both reference models 
(CA and IA), thus comparing the observed toxicity and the expected toxicity of the 
pesticides and also to calculate possible deviations from the two reference models. These 
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deviations are given by quantitative parameters (a and b) that can express a higher effect 
than expected (synergism) or a smaller effect than expected (antagonism) by the reference 
models (see Table 3.1 for further information). Two more complex deviations can also be 
obtained, depending on the level of the pesticides in the mixtures (dose-level dependence 
deviation) or on the composition of the mixture (dose-ratio dependence deviation).     
 
Table 3.1: Interpretation of additional parameters (a and b) that define the functional form of deviation 
pattern from the reference models concentration addition (CA) and independent action (IA); adapted from 






a>0: antagonism except for those 
mixture ratios where negative b value 
indicate synergism
a<0: synergism except for those 
mixture ratios where positive b value 
indicate antagonism
b DL>1: change at lower 
EC50 level
b DL=1: change at EC50 level
0<b DL<1: change at higher 
EC50 level
b DL<1: No change but the 
magnitude of S/A is DL 
dependent
b i >0: antagonism where the toxicity of the mixture is caused mainly 
by toxicant i
Dose-ratio dependent (DR)
b i <0: synergism where the toxicity of the mixture is caused mainly 
by toxicant i
Dose-level dependent (DL)
a>0: antagonism low dose level and 
synergism high dose level
b DL>2: change at lower EC50 level
b DL=2: change at EC50 level
a<0: synergism low dose level and 
antagonism high dose level
1<b DL<2: change at higher EC50 level
b DL<1: No change but the magnitude 
of S/A is effect level dependent
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3.3 Results 
3.3.1 Single exposure procedure – Porcellionides pruinosus 
In the double control the animal were randomly distributed through both sides of 
the test-box, showing no preference for one side of the box in detriment of the other side. 
In two replicates of glyphosate and spirodiclofen one isopod was found dead after the 48h 
period. In the mixtures tested no mortality was observed.  
The exposure to glyphosate resulted in a clear avoidance response in the higher 
concentrations of the herbicide (73% avoidance at 17.4 mg/Kg) although a small decrease 
in the degree of avoidance response was reflected in the highest concentration (Fig. 3.3 and 
Table 3.2). Dimethoate caused a clear avoidance response by the isopods (Fig. 3.3), and in 
the two highest concentrations tested (40 and 80 mg/kg) the percentage of animals in the 
control soil were respectively 87% and 93% (Fig. 3.3 and Table 3.2). A strong avoidance 
effect was observed after the exposure of P. pruinosus to spirodiclofen (Fig. 3.3 and Table 
3.2). Although in the concentration 0.27 mg/Kg more isopods were found in the 
contaminated side, when doses of spirodiclofen increased a clear avoidance response 



























Fig. 3.3 - Avoidance response of Porcellionides pruinosus in LUFA 2.2 soil after application of glyphosate, 
dimethoate and spirodiclofen (mean net response with standard error bars). All units (nominal values) are in 
mg AI/Kg dry soil. (* indicates statistical differences for offspring production (Dunnett´s method, p<0.05)). 
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Table 3.2: AC50 values (mg/Kg dry soil) and 95% confidence intervals (CI) for the effect of single exposure 
pesticide on the avoidance behaviour of Porcellionides pruinosus exposed for 48h on LUFA 2.2 soil. Values 
are derived from single chemical exposure in tests run simultaneously with the mixture exposure. 
 
Pesticide AC50 (95% CI) 
Glyphosate 39.7 (34.7 - 46.2) (single exposure experiment) 
16.8 (12.9 - 21.1) (mixture experiment with dimethoate) 
42.9 (39.7 - 47.1) (mixture experiment with spirodiclofen) 
Dimethoate 31.5 (28.4 - 34.9) (single exposure experiment) 
31.3 (23.4 - 39.8) (mixture experiment with glyphosate) 
43.1 (37.0-50.2) (mixture experiment with spirodiclofen) 
Spirodiclofen 0.9 (0.7 - 1.1) (single exposure experiment) 
1.5 (1.0 - 2.1) (mixture experiment with dimethoate) 
1.9 (1.7 - 2.1) (mixture experiment with glyphosate) 
 
3.3.1.2 Single exposure procedure – Folsomia candida 
The number of adult collembolans that survived the experimental procedure 
diminished with increasing dosages of glyphosate. This exposure resulted also in a clear 
reduction in the number of juveniles produced (Fig. 3.4). In the two highest concentrations 
of this herbicide a reduction in 86% and 95% in offspring production was observed. The 
LC50 calculated for glyphosate was 6 times higher than the value for the EC50 (Table 3.2). 
In the highest concentration tested a 98% reduction in the number of juveniles produced 
was observed due to the high impact in the survival rate of collembolan exposed to 
dimethoate The LC50 calculated for dimethoate was four fold the value of the EC50 (Table 
3.2). The exposure of F. candida to spirodiclofen resulted in a decrease in both survival 
and reproduction rates with increasing dosages of this insecticide (Fig. 3.4). In the highest 
concentration of this insecticide there was a reduction in 100% of the adults that survived 
the test period. The LC50 calculated for spirodiclofen was similar to the one obtained in the 
EC50 calculation (Table 3.2). 
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Fig. 3.4 - Reproductive output and effects on survival on Folsomia candida (mean number of juveniles + 
standard error bars) exposed to glyphosate, dimethoate and spirodiclofen spiked in the LUFA 2.2 soil. White 
bars indicate data for juvenile production (mean values and st. error) and black dots indicate adult survival 
(mean values and st. error) after the 28 d exposure. All units (nominal values) in mg AI/Kg dry soil. (* 
indicates statistical differences for offspring production (Dunnett´s method, p<0.05)). 
Table 3.3: EC50 values (mg/Kg dry soil) and 95% confidence intervals (CI) for the effects of single exposure 
pesticides on the reproductive output of Folsomia candida exposed for 28d on LUFA 2.2 soil. Values are 
derived from single chemical exposure in tests run simultaneously with the mixture exposure. 
Pesticide EC50 (95% CI) 
Glyphosate 0.33 (0.18-0.48) (single exposure experiment) 
0.15 (0.02-0.28) (mixture experiment with dimethoate) 
0.1 (0.07-0.14) (mixture experiment with spirodiclofen) 
Dimethoate  0.37 (0.19-0.54) (single exposure experiment) 
 0.05 (0.03-0.07) (mixture experiment with glyphosate) 
 0.15 (0.08-0.21) (mixture experiment with spirodiclofen) 
Spirodiclofen  0.65 (0.37-0.96) (single exposure experiment) 
0.27 (0.15-0.39) (mixture experiment with glyphosate) 
0.44 (0.05-0.92) (mixture experiment with dimethoate) 
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3.3.2.1 Mixture exposure – Porcellionides pruinosus 
Data from the combination of glyphosate and spirodiclofen was fitted to the CA 
model, which resulted as the best descriptive model (Table 3.4) But when the same data 
were fitted to the IA model, a dose level dependent deviation from the reference 
conceptual model was found with the negative parameter a indicating that synergism 
occurs at low dose levels of both pesticides and antagonism occurs at higher doses of both 
pesticides. The parameter b was higher than 1, thus indicating that the change between 
synergism and antagonism takes place at lower doses than the AC50 of the pesticides 
(Table 3.4).  
 For the dimethoate and glyphosate exposure experiment, after fitting the data to the 
CA model an antagonistic deviation from the reference model was observed by the positive 
parameter a, meaning that the predicted escape response of the animals was lower than the 
expected considering their individual response. After fitting the data to the IA model, the 
most parsimonious result was the reference model and no deviations were observed (Table 
3.4).    
 Data from the combined experiment of dimethoate and spirodiclofen fitted to both 
reference models, translated into an antagonistic deviation. After fitting the data to the CA 
model, antagonism was observed (Table 3.4). After using the IA model, an antagonistic 
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Table 3.4: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the behavioural avoidance response of Porcellionides 
pruinosus exposed for 48h to three pesticide mixtures in LUFA 2.2 soil.  








Reference 0.19 *** 100.6 - - - - - - - 
S/A - - - - - - - - - - 
DR - - - - - - - - - - 




Reference - - - - - 0.23 ** 61.3 - - 
S/A 0.27 * 58.3 4.5 - - - - - - 
DR - - - - - - - - - - 




Reference - - - - - - - - - - 
S/A 0.46 * 22.1 7.1 - 0.48 * 21.2 5.2 - 
DR - - - - - - - - - - 
DL -  -  -  -  - - - - - - 
 
r2 is the coefficient of determination; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * <0.05; **<0.01; ***<0.001); SS is residuals sum of 
squares; a and b are the parameters of the deviations; S/A is synergism/antagonism, DR is dose-ratio deviations and DL is dose-level deviation from the reference models. 
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3.3.2.2 Mixture exposure – Folsomia candida 
After fitting the data from the combination of glyphosate and spirodiclofen to the 
CA model a deviation for antagonism was found (Table 3.5) The same antagonistic 
deviation was observed when this data was fitted to the IA conceptual model since once 
again the parameter a was higher than zero (Table 3.5). 
 For the dimethoate and glyphosate exposure experiment, after fitting the data to the 
CA model an antagonistic deviation from the reference model was observed, with a 
positive parameter a meaning that the predicted toxicity of the mixture was lower than the 
expected considering the individual exposure effects. After fitting the data to the IA model, 
the same result was obtained, i.e. a deviation for antagonism (Table 3.5).    
When data of the binary experiment of dimethoate and spirodiclofen was fitted to 
the CA model, the most parsimonious result was the reference model. After fitting our data 
to the IA model, the most parsimonious model was also the reference model itself and no 
deviations were obtained, since subsequent addition of extra parameters did not improve 
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Table 3.5: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the reproductive output of Folsomia candida exposed for 28 d 
to three pesticide mixtures in LUFA 2.2 soil.  








Reference - - - - - - - - - -
S/A 0.68 *** 395501.1 3.9 - 0.67 ** 399954.6 3.9 -
DR - - - - - - - - - -




Reference - - - - - - - - - -
S/A 0.61 * 477742.1 2.3 - 0.64 * 438094.4 2.9 -
DR - - - - - - - - - -




Reference 0.77 *** 372975.3 - - 0.76 *** 400299.9 - -
S/A - - - - - - - - - -
DR - - - - - - - - - -
DL - - - - - - - - - - 
r2  is the coefficient of determination; SS is the residuals sum of squares; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * <0.05; **<0.01; 
***<0.001); a and b are the parameters of the deviations; CA is concentration  additions; IA is independent actions; S/A is synergism/antagonism, DR is dose-ratio 
deviations and DL is dose-level deviation from the reference models.  
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3.4.1 Single exposure toxicity – Porcellionides pruinosus 
The AC50 calculated from the single exposure procedure and the single exposures in 
the combined experiments for the three pesticides were in the same range of values for the 
three pesticides tested (Table 3.2). In fact, in only two combinations (glyphosate with 
dimethoate and spirodiclofen with dimethoate) the values were two-fold the ones 
calculated in the single exposure procedure.  
Single exposure to the herbicide glyphosate caused a clear avoidance response in 
the terrestrial isopod Porcellionides pruinosus. In a laboratory study where the direct 
mortality of the isopod Philoscia muscurom exposed to glyphosate application rates of 6 
L/ha (≈ 2.1 Kg Ai/ha) evident effects on survival rate were observed (Eijsackers, 1985) and 
in a subsequent study, a decrease in the consumption rate of leaf litter treated with the 
same amount of herbicide was also observed (Eijsackers, 1991). In a laboratory study with 
the earthworm Aporrectodea caliginosa treated at levels equivalent to application rates of 
0.7–2.8 Kg glyphosate/ha, a decrease in growth rates and early mortality of the earthworms 
were observed (Springett and Gray 1992). In the present study the concentration that 
caused an avoidance response in Porcellionides pruinosus was almost 17 times higher than 
the predicted environmental concentration (PEC) in the top 10 cm soil (3060 g AI/ha ≈ 2.5 
mg/Kg dry soil) if the commercial formulation is applied at labeled doses. 
Previous studies with the same isopod species and dimethoate obtained very similar 
AC50 values as these reported here, in individual (39.43 mg/Kg) and collective (28.67 
mg/kg) avoidance tests (Loureiro et al., 2005). Another study dealing with the influence of 
dimethoate to the isopod Porcellio scaber (Engenheiro et al., 2005) observed a reduction in 
50% of the survival rate of this organism after 10 days of exposure to 20 mg/Kg. 
According to the same study dimethoate clearly influenced the locomotor behaviour of P. 
scaber, related with a significant decrease in acetylcholinesterase (AChE) activity, since 
this OP insecticide is a well known inhibitor of this nervous system enzyme (Bayley, 
1995). The results obtained in the present study seem to indicate that this insecticide exerts 
a clear dose-related behavioural pattern in P. pruinosus. However it should be noted that 
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the PEC value (400 g AI/ha ≈ 0.3 mg/Kg dry soil) is much lower than the concentrations 
causing an avoidance response in this species. In the two highest dimethoate 
concentrations tested, more than 80% of the animals were found in the control side of the 
test boxes. This situation represents a loss in the “habitat function” of the soil (Hund-Rinke 
et al., 2003) and should be taken into account in evaluating the detrimental effects in 
isopods population after dimethoate application in agricultural fields. The effects of 
dimethoate on the species P. scaber have also been assessed in terms of mortality (Løkke 
and Van Gestel, 1998) and growth pattern (Fischer et al., 1997), and the values obtained 
for these two parameters, 75 mg/Kg and 17.5 mg/Kg respectively, can be considered in the 
same range of the AC50 values reported here.   
 Our results indicated that spirodiclofen had an impact in the avoidance behaviour of 
P. pruinosus, being the calculated AC50 much lower (0.91 mg/Kg) than the values obtained 
for the other two pesticides tested. Nevertheless it should be pointed out that the AC50 is 
more than 10 times higher than the predicted environmental concentration in the top 10 cm 
soil (PEC) if spirodiclofen is applied at recommended field rates (96 g AI/ha ≈ 0.06 mg/Kg 
dry soil). At 0.27 mg spirodiclofen/Kg dry soil, which is below spirodiclofen response 
threshold, more animals were found in the contaminated side of the box. Possibly this 
could be related with the attraction that some substance of the formulation exerted on 
isopods (Olla et al., 1980; Zimmer et al., 1996). This finding (non-avoidance of 
contaminated soil) has been described in other experiments with non-narcotic chemicals 
(Yeardley et al., 1996; Odendaal and Reinecke, 1999) and with narcotic chemicals (Heupel 
et al., 2002; Landrum et al., 2003) in different test species.   
After an application rate of the commercial formulation Envidor® in an open field, 
spirodiclofen was considered very toxic to Tetranychus urticae and moderately toxic to 
Tarsodemus pallidus (Raudomis, 2006). All these results seem to confirm the toxicity of 
this insecticide, thus attention should be paid in analyzing possible damages in non-target 
organisms like the macro decomposers terrestrial isopods, following the application of this 
product to agricultural crops.  
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3.4.2 Single exposure toxicity of Folsomia candida 
The EC50 value calculated for the insecticide dimethoate (in the single experiments 
performed simultaneously to the binary combinations) was six times lower than the value 
obtained in the single exposure procedure, although the value for glyphosate can be 
considered in the same range of values obtained in the single exposure procedure (Table 
3.3). The same can be said about the insecticide spirodiclofen, since the EC50 values 
obtained were in the same range of concentration.   
 The effects of the application of the herbicide glyphosate to collembolan 
populations have been assessed in field plot experiments. One study showed that the 
application of this herbicide favoured the appearance of epigeic and hemiedaphic species 
due to the preservation of weed cover given by glyphosate (Renaud et al, 2004). A 
previous study has also demonstrated the indirect effect of this herbicide on the 
enhancement of biological activity in soils, since the supply of organic matter (due to the 
killing of the cover crop) had a positive influence on the feeding activity of soil microbial 
communities (Reinecke et al., 2002). However, other studies dealing with different 
herbicide and collembolan species showed contrasting results. A field and laboratory test 
observed that atrazine reduced the abundance of Entomobrya musatica (AI-Assiuty and 
Khalil, 1998) at doses near the recommended application rate of this herbicide. Another 
study also detected effects on the reproductive capacity of collembolan at herbicides 
concentrations below the mortality threshold (Chernova et al., 1995).  The impairment in 
the reproductive output of Folsomia candida detected in the present work clearly indicates 
that the application of this herbicide does have an impact in both the survival and the 
reproductive capacity of this collembolan species.    
The effects of the insecticide dimethoate on the reproduction of the collembolan 
Folsomia candida have been assessed previously. Krogh (1995) have found that the 
application of dimethoate near the recommended dose had an impact in the reproductive 
output (EC50 of 0.5 (0.4-0.6) mg/Kg) and survival rate of adults (LC50 of 0.6 (0.6-0.6) 
mg/Kg). Another work dealing with the same insecticide applied to three different soil 
types (Martikainen, 1996) derived EC50 values between 3.8-6.3 mg/Kg, which were 
attributed to the high organic content of the soil used, responsible for the reduction of 
dimethoate toxicity. More recent studies have attested dimethoate toxicity and its impact 
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on the reproductive capacity of F. candida (Sørensen and Holmstrup, 2005). The capacity 
to predict the effect of pollutants in dynamic natural population can be regarded as the 
main objective of ecotoxicological studies (Moe et al., 2001), so it seems pertinent to 
address the question if dimethoate could in long term exposure periods cause a disruption 
in the population dynamics of this collembolan species.  
 Since the DT90 of spirodiclofen and its soil metabolites is less than 100 days no 
testing with soil non-target macro-organisms was triggered for regulatory purposes, 
however this pesticide was considered of low risk to earthworms and to the collembolan 
species Folsomia candida when applied at recommended doses in agricultural fields 
(Candolfi et al, 2001). The EC50 calculated for spirodiclofen was 0.65 (0.37-0.96) mg/Kg, 
which represents 10 fold of the PEC if Envidor® is applied at the labelled recommended 
dose. It should be noted, however, that the field soil dissipation of this product is 
considered to be very fast (DT50 between 0.5–5.5 days), thus in agricultural systems the 
period in which this product is available should be taken into account when inferring the 
effects this pesticide may have to edaphic organisms.   
 
3.4.3 Mixture exposure toxicity  
 
3.4.3.1 Mixture exposure toxicity – Porcellionides pruinosus 
Of the three binary combinations tested only when the two insecticides, dimethoate 
and spirodiclofen, were applied together the same deviation (antagonism) was obtained 
from the two reference models. In the other two binary combinations the predictions were 
not the same, although they were not discordant, in view of the fact that in both cases CA 
or IA did not predict a deviation from the conceptual models. 
The exposure to the combination of glyphosate and spirodiclofen followed the 
conceptual model of CA, hence their combined effects produce a predictable response 
based on the measured effects of single chemicals (Faust et al., 1993). This simple additive 
effect was also registered in an experiment performed with mixtures of an herbicide and an 
insecticide (atrazine and lindane) in a freshwater microcosm (Van den Brink et al., 2009), 
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where it was concluded that the toxic effects of the binary mixture could be explained by 
the effects of the individual chemicals alone.  
After fitting the IA model to the same data, a dose level deviation was found, 
indicating synergism at low doses of the two pesticides and antagonism with increasing 
doses (higher than the respective AC50) of the two pesticides. This means that the simple 
additive effect predicted by CA was not corroborated by the IA model; instead a deviation 
from this reference model was detected, hence the probability of response (avoiding the 
contaminated soil) to the two chemicals was not independent. Synergism found at low 
doses of the two pesticides is an indication of higher escape response than expected from 
the individual action of both chemicals, and thus may represent an hazard for the 
communities exposed to the two pesticides.  
Dimethoate and glyphosate behavioural data when fitted in the CA model translated 
into antagonism, predicting a smaller effect of the two pesticides than expected. When this 
data was fitted in the IA model, it followed the conceptual model attesting the a priori 
knowledge that these pesticides have dissimilar modes of action. A previous study 
performed with the isopod Porcellionides pruinosus with binary mixtures of dimethoate 
and the triazine herbicide atrazine predicted antagonism at low doses of both pesticides and 
a switch to synergism at high doses of both pesticides after fitting data to the IA model 
(Loureiro et al., 2009). This deviation is in agreement with the antagonistic effect found in 
the present work, although predicted by the other reference model used in mixture toxicity 
assessment. 
Regarding the same mixture data, no deviation from the conceptual model of IA 
was found in the same study when this reference model was applied. Previous studies 
dealing with binary mixtures of atrazine and OP insecticides have detected a synergistic 
effect of the herbicide to the toxicity of chlorpyrifos and diazinon to the aquatic organisms 
Chironomus tentans and Hyalella azteca (Jin-Clark et al., 2002; Anderson and Lydy, 
2002). Similar studies performed with Chironomus tentans midges found that the 
dimethoate toxicity is enhanced due to the oxidative activation process brought by the 
action of the herbicide atrazine on the cytochrome P450 monooxygenase (Cyt-P450) 
enzymatic complex (Anderson and Zhu, 2004). This molecular activation of dimethoate 
due to the action of the herbicide atrazine causes a cascade of reactions that culminate in 
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the increase inhibition of AChE activity, resulting in a higher toxicity of the two pesticides 
to the chironomid midges. In the present work, apparently, this molecular activation of the 
insecticide dimethoate did not occur, and this can be explained by the different molecular 
mechanism of action of the herbicide glyphosate in comparison with atrazine (although 
known only for plants). The same synergistic effect was found in a more recent work with 
the same test-species, where the action of two chloroacetanilide herbicides (alachlor and 
metolachlor) on chlorpyrifos was observed (Jin-Clark et al., 2008). These herbicides 
reduced the activity of the detoxifying enzyme glutathione-S-transferase (GST) which led 
to the interruption of metabolic detoxification of chlorpyrifos, thus increasing the quantity 
of this insecticide inside the organism and consequently increasing the peril of 
intoxication.  
The effect of dimethoate and spirodiclofen on P. pruinosus avoidance behaviour 
showed an identical deviation from the two reference models, since in both models 
antagonism was predicted. The combined effect of dimethoate and the organochlorine 
insecticide lindane was also assessed for this isopod species, and deviations from the two 
reference models were also observed (Loureiro et al., 2009). In the cited work, it was 
observed that after fitting the avoidance data of dimethoate and lindane to CA model a 
dose ratio dependency did occur, with higher toxicity than expected found when lindane 
was the dominant component in the mixture; but when the same data was fitted into the IA 
conceptual model a dose level deviation was observed, with antagonism at low doses and 
synergism with increasing doses (higher than the AC50) of both pesticides. The prediction 
obtained when testing the IA model was in agreement with the results found in the present 
work, given that antagonism was detected at smaller doses of both pesticides and the 
synergism observed was registered only at higher levels of both pesticides, thus its 
biologically relevancy can be questioned since at higher doses the animal could not survive 
the exposure concentrations.  
 
3.4.3.2 Mixture exposure toxicity - Folsomia candida 
There was a decrease in the number of juveniles with increasing toxicity of the 
binary combinations tested, but the degree in which the number of juveniles diminished 
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was not as high as expected by the results obtained in the single exposure procedures run 
simultaneously. Individual concentrations of glyphosate and spirodiclofen originated a 
strong and abrupt decrease in the number of juveniles produced (reduction in 90% of the 
juveniles produced in doses higher but near the EC50 in comparison to the control), but 
when the same concentrations were tested in the binary mixtures (sum of TU between 1 
and 2) the reduction in the number of juveniles compared to the control was between 70% 
and 60% in the mixture of glyphosate and spirodiclofen. The same happened in the binary 
mixtures of dimethoate and glyphosate, since when both toxicants were individually 
present at concentrations higher but near the respective EC50 the decrease in the number of 
juveniles was between 85% and 90% of the offspring observed in control, whereas in the 
binary combinations with correspondent concentrations the decrease was between 85% and 
50% in comparison to the control. As a consequence of this decrease that was not as 
steeper as the expected, and regarding the observed individual concentrations, antagonism 
was predicted for these two binary mixtures. 
Glyphosate enhanced both glutathione-s-transferase (GST) and superoxide 
dismutase (SOD) enzymatic activity in the aquatic oligochaete Lumbricus variegatus 
submitted to a commercial formulation of this herbicide (Jara et al., 2009). The two 
antioxidant enzymes that are related with detoxifying xenobiotics and cellular stress were 
both activated at non-toxic levels of this herbicide. In a study with a selected strain of the 
two spotted spider mite Tetranychus urticae, it was observed that increased GST and cyt-
P450 activity led to a spirodiclofen resistance factor of 13 (Rauch and Nauen, 2003). This 
could conduct us to hypothesize the possible biochemical interactions between the two 
pesticides, since the enhanced activity caused by glyphosate in the cited enzymatic 
complexes could lead to an increasing resistance to spirodiclofen toxic effects in the target 
organism. A work testing the efficacy of IA in describing several dissimilar binary 
combinations demonstrated that IA was the most parsimonious model to describe 6 out of 
the 10 combinations tested, but antagonism was observed in the binary combination of 
chlorpyrifos and the fungicide inhibitor of cyt-P450 prochloraz (Martin et al., 2009). This 
was stated to be a result of the inhibition of the cyt-P450 complex by the fungicide, which 
could lead to an inactivation of chlorpyrifos into its more toxic form. Again, there was a 
correlation between biochemical changes in enzymes involved in cellular stress caused by 
one chemical and on subsequent magnitude of insecticide toxicity to organisms.  
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A previous study dealing with the combined effect of the herbicide atrazine with 
five different OP insecticides and one organochlorine insecticide to aquatic midge larvae 
(C. tentans) was evaluated using the IA model (Pape-Linstrom and Lydy, 1997). Their 
results predicted synergism (effects greater than additive) in four of the OP insecticides 
(chlorpyrifos, malathion, methyl-parathion, and trichlorfon) and antagonism when the 
herbicide was mixed with mevinophos. In that work a consistent and significant 
enhancement in toxicity of the majority OP insecticides due to the action of atrazine was 
observed, and several hypotheses were raised from an increasing cellular permeability of 
the midge cuticle caused by atrazine to the activation of cyt-P450 by the herbicide. An 
acute experiment (filter-paper test) made with the earthworm Eisenia fetida (Lydy and 
Linck, 2003) found that when chlorpyrifos was mixed with atrazine and cyanazine these 
herbicides increased the toxicity of chlorpyrifos by a factor of 7.9 and 2.2 respectively. 
Still, when chlorpyrifos was mixed with symazine this herbicide did not affect the 
insecticide toxicity, probably as a result of a non-activation of the insecticide. In an 
experiment carried out in the field, mite and ant populations were reduced after application 
of herbicides (nicosulfuron and atrazine) mixed with chlorpyrifos (Pereira et al., 2005). 
However, an opposite conclusion was derived from exposure of the larvae of Cacopsylla 
pyri to atrazine where this herbicide led to a decrease in mortality following an exposure to 
the insecticide Bti (Boyer et al., 2006).  
From the studies described above one must admit that further knowledge of the 
pesticides mode of toxic action should be established to make more assertive assumptions 
about the mechanisms involved in the combined toxicity of herbicides and insecticides to 
soil organisms. In the lack of systematic understanding of the mechanisms underlying the 
toxic effects on the specific test-organism, only general considerations could be made 
about mixture toxicity interaction inside the target organisms. 
 The mixture of dimethoate and spirodiclofen followed the two conceptual models 
when data was fitted to CA and IA. This means that the effects obtained when these two 
insecticides were applied jointly could be expressed as simple dilution of each other (after 
CA conceptual model), implying that one insecticide could be replaced by a dilution of the 
other without alterations in the resultant toxicity (Berenbaum, 1989). The same result was 
obtained in previous studies dealing with the effects of insecticides of similar action 
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(AChE inhibitors dimethoate and pirimicarb) on Daphnia magna, where the binary mixture 
followed CA, but IA could also explain the data reasonably well (Syberg et al., 2008).  
 
3.4.4 Comparison between avoidance and reproduction tests 
Although the two tests evaluated different test species, different parameters 
(avoidance behaviour and reproduction output) and different exposure periods a 
comparison between the outcome of the two test should be established. Looking at the 
AC50 values of glyphosate and dimethoate the median values were more than 100-times 
higher than the EC50 calculated for the collembolan reproduction. Only in the case of 
spirodiclofen the values can be considered in the same range interval. The discrepancy 
between the AC50 and EC50 values could be explained by the different sensitivity to PPPs 
application, since the isopods move mainly in the soil surface and have clean 
(uncontaminated) soil to where they can escape and collembola are buried in contaminated 
soil during the test period. In addition, avoidance test often gave higher ECx values than 
reproduction chronic tests (Amorim et al., 2005), which could be related with the short 
period used in avoidance test (48 h) in comparison to the 28 days in reproduction tests. 
Thus avoidance behaviour tests can be used as initial screening test in soil contamination 
assessment and not as a substitute of reproduction tests (Loureiro et al., 2005). 
 
3.5 Conclusions  
 
From an overall observation of the results obtained from fitting the data of 
avoidance behaviour and reproductive output to both models several assumptions can be 
made regarding the ability of the two conceptual models in predicting mixture toxicity. 
Data from the mixtures followed the reference models in 4 out of the 12 combinations 
tested (see Table 3 and Table 4). In 7 out of the 12 mixtures performed the two reference 
models predicted antagonism. In only one combination (glyphosate and spirodiclofen 
applied to P. pruinosus) synergism was observed. There was a general agreement between 
the two reference models in predicting mixture toxicity, with the exception of two mixtures 
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tested. As a result of this, both models could and should be used to address mixture toxicity 
problems, since the information gathered from fitting data to both models was 
complementary and never contradictory, in order to understand what happens when plant 
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Few studies have been conducted concerning the evaluation of mixtures of chemicals in 
the terrestrial environment. Although it is evident that organisms are submitted to more 
than just one stress condition in real exposure scenarios. The effects of binary 
combinations of three plant protection products (PPPs), the post-emergence herbicide 
glyphosate, the organophosphorous insecticide dimethoate and the acaricide spirodiclofen 
on the growth pattern of two species of plants (Brassica rapa and Triticum aestivum) were 
evaluated by the two reference models for mixture toxicity: concentration addition (CA) 
and independent action (IA). Results of single exposure to the three pesticides indicated a 
decrease in shoot length (SL) and fresh weight (FW) of the two plant species only at the 
highest concentrations tested of the three PPPs. In the combined experiments synergism 
was only found in the combination of glyphosate and dimethoate when the IA model was 
fitted to the SL and FW of T. aestivum. The results obtained in the present work seemed to 
corroborate that these PPPs have no detrimental effects when applied at recommended 
doses. In conclusion, and since synergism is the worrying condition in mixture toxicity 
assessment, it could be said that mixing and applying these PPPs at recommended doses 
did not lead to an increase in toxicity for these plant species, with the exception of the 













Pollutants in soil systems rarely occur alone, thus the toxic effect of a single 
chemical to an organism is an improbable event, since organisms are exposed to many 
pollutants (Zwart and Posthuma, 2005). This is the case of agricultural fields where several 
plant protection products are applied at the same time (Santos et al., 2010). Since most 
studies in ecotoxicology are made by exposing a single test-species to a single chemical it 
seems important to evaluate the possible detrimental effects of the application of pesticide 
mixtures to non-target organisms (Yang, 1994).  
Non-target plants can be affected by the application of pesticides to crops and by 
indirect drift of the products applied to destroy weeds and pests (Jong et al., 2008). In the 
present work two plant species were used to evaluate single and joint toxicity of Plant 
Protection Products (PPP): the monocotyledonous Triticum aestivum L. (wheat) and the 
dicotyledonous Brassica rapa L. (rapid life-cycle turnip) based on the available guidelines 
to study the effects of toxics in higher plants (GCPF, 2000; ISO, 1995; ISO, 2004), and 
also due to the prominent literature on the effects of several chemical on these two plant 
species (Kalsch et al., 2006; Song et al., 2007).   
Two different concepts, concentration addition (CA), first developed by Loewe and 
Muishncek (1926) for chemicals with the same mode of action (MoA) and independent 
action (IA), later introduced by Bliss (1939), based on  chemicals with different modes of 
action, are used in mixture toxicity assessment. Both models are non-interactive, since they 
assume that chemicals do no interact with each other in the mixture (Greco et al., 1992). 
But toxicokinetic and toxicodynamic interactions can occur between chemicals, and thus 
synergism (higher toxicity of the mixture than expected) or antagonism (smaller toxicity of 
the mixture than expected) can be observed when two or more chemicals are applied in a 
mixture (Andersen and Dennison, 2004).  
Three PPPs were selected based on the market share that they have in Portugal and 
the rest of Europe (Vieira, 2009; Eurostat, 2007): the post-emergence herbicide glyphosate, 
the organophosphorous insecticide dimethoate, and the acaricide spirodiclofen. Glyphosate 
inhibits the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) enzyme (Steinrucken, 
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and Amrhein, 1980) deregulating the shikimate pathway which leads to general metabolic 
disruption in plants (Reddy et al, 2008). Dimethoate is one of the most commonly applied 
insecticides in agricultural fields, which mode of action in plants has been shown to be 
internal to the seeds through the inhibition of the synthesis or action of hydrolytic enzymes 
(Chopra and Nandra, 1969). Spirodiclofen is a selective, non-systemic acaricide from the 
novel class of tetronic acid derivatives, which interferes with lipid biosynthesis by 
inhibiting acetyl-Coa carboxylase (Nauen, 2005) although no effects in terrestrial plants 
were observed in previous laboratory testing to its commercial release (Wolf and 
Schnorbach, 2002).  
The objectives of this work were firstly to determine the effects of three commonly 
used plant protection products on the growth pattern of T. aestivum and B. rapa and 
secondly to evaluate the combined effects of three binary mixtures of these pesticides. For 
this second aim, the MIXTOX tool will be used to model the CA and IA conceptual 
models and possible deviations.  
  
4.2 Materials and Methods 
 
4.2.1 Test organisms and test conditions 
Seeds of Brassica rapa rapid cycle (Carolina Biological Supply Company) and 
Triticum aestivum (from a local supplier) were used in the experimental procedure. All 
experiments were conducted in a laboratory room, which was maintained at 20 ± 2°C 
(day/night). The relative humidity was between 40% and 60%. The room was maintained 
on a 16/8 h (day/night) cycle that provided a light intensity of about 7000 lux on the soil 
surface. 
 
4.2.2 Test Chemicals and Test Soil 
Three pesticides were used in the experimental procedure as commercial 
formulations: the post-emergence herbicide glyphosate (ROUNDUP® with 360 g AI/L, and 
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which contains glyphosate-isopropylammonium (45%), surfactant (16%) and water 
(42.5%)), the organophosphorous insecticide dimethoate (AGROR® with 400 g AI/L and 
which contains dimethoate (40 %), ciclohexanone (28.4%), nonylphenol ethoxylate 
(2.2%), petroleum naphta (26.1%) and calcium alkyl benzene sulphonate inpropil 2-ol 
(0.4%)) and the acaricide spirodiclofen (ENVIDOR® with 240 g AI/L which contains 
spirodiclofen (23.3%), ethoxylated polyarylphenol (1-22.5%) and glycerine (> 1%)). 
Pesticides were spiked in the soil LUFA 2.2 and immediately afterwards the seeds were 
sown at soil surface. The nominal concentrations used for glyphosate ranged from 1.7 to 
173.4 mg/Kg dry; for dimethoate the nominal concentration used ranged from 0.2 and 40 
mg/Kg dry soil; for spirodiclofen the nominal concentration used ranged from 0.04 and 2.7 
mg/Kg dry soil. 
All the tests were performed with LUFA 2.2 soil, commercialized by the German 
Institution LUFA Speyer. The properties of this soil include a pH=5.8, organic 
matter=3.9%, texture= 6% clay, 17% silt and 77% sand.  
 
4.2.3 Experimental procedure 
The continuous seed germination and seedling growth tests were performed 
following the procedures described in the ISO guideline 11269-2 (ISO, 1995) with some 
modifications. LUFA 2.2 soil, 450 g dry weight equivalent, was filled into plastic vessels. 
Each test vessel was 9 cm (top) or 6.5 cm (bottom) diameter and 6.5 cm height with a drain 
in the bottom filled with an 8 cm glass fiber wick (1 mm diameter). A plastic pot (9 cm 
diameter) filled with deionised water was placed underneath each test vessel in order to 
achieve automatic watering. Ten seeds were sown uniformly in each test vessel to a depth 
of about 0.5 cm. Seed germination was determined by visual seedling emergence and was 
recorded daily. After 50% of the seeds in control pots had germinated the test went on for 
more 14 days. The seedling shoots were then cut above the soil surface and the fresh 
biomass was immediately weighed. All experiments were carried out using five 
concentrations plus one control, using four replicates per treatment, in a total of 24 test 
vessels.  
4. The joint toxicity of three plant protection products to Triticum aestivum (L.) and Brassica rapa (L.) 
 
86 
In the mixture experiments twenty-three binary combinations, based on the EC50 
calculated in the individual tests, were made simultaneously with five single concentrations 
of each pesticide and one control, without replication, in a total of 34 test-boxes for each 
binary combination. The range of the sum of toxic units (TU) in the binary experiments 
















Fig. 4.1 – Experimental design of the binary combinations based on the toxic units (1 TU = EC50) of 
glyphosate, dimethoate and spirodiclofen obtained in the single exposure tests. Data for [Chem 1] vs [Chem 
2] refers to glyphosate vs dimethoate; glyphosate vs spirodiclofen; dimethoate vs spirodiclofen. 
 
4.2.4 Statistical analyses 
Differences in the fresh weight and shoot length of both plants between the control 
soil and the soil treatments were analysed using a one-way ANOVA, followed by post-hoc 
Dunnett´s test (α<0.05). EC50 values were determined using appropriate non-linear models. 
For all the analysis mentioned above, STATISTICA 7.0 software was used (StatSoft Inc.). 
The tool used to analyze and compare the data in the present study was the 
MIXTOX model (Jonker et al, 2005), which allow us to fit both reference models (CA and 
IA) to data, thus comparing the observed toxicity and the expected toxicity of the 
pesticides and also to calculate possible deviations from the two reference models. To test 
interactions between the two stressors, the MIXTOX model allows adding extra parameters 
(a and b) to confirm if deviations from the conceptual models are observed. The 
parameters are added in a stepwise manner, so parameter a is added first to see if 
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interactions have occurred in the mixture (Long et al., 2009). If the value of parameter a is 
higher than zero this means that a smaller effect than expected (antagonism) was observed; 
if the referred parameter a is smaller than zero than it expresses a higher effect than 
expected (synergism). If an improvement in the description of the data is obtained after 
adding parameter a, than this value is used along with parameter b in order to calculate 
further deviations from the reference models: dose ratio (DR) and dose level (DL) 
deviations. DR describes synergism/antagonism (if a > 0: antagonism except in mixtures 
where negative b values indicate synergism; if a < 0: synergism except in mixtures where 
negative b values indicate antagonism) according to the ratio of each chemical present in 
the mixture, and parameter b allows calculating if the antagonism/synergism is caused 
when one chemical is responsible for the toxicity of the mixture (see Table 4.1 for further 
information). DL describes synergism/antagonism depending on the level (concentration) 
of each stressor in the mixture. The value of parameter a allows to observe if synergism 
occurs at small doses and antagonism at high doses (parameter a smaller than zero) or if 
antagonism occurs at low doses and synergism at high doses (parameter a higher than 
zero). Parameter b will allow detecting if the change between the two deviations occurs at 
the EC50, below the EC50 or above the EC50 level (see Table 4.1 for further information). 
The statistical improvement in explaining the data by adding parameters a and b is 
calculated using the chi-square test which will imply a decrease in the residuals of the sum 
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Table 4.1: Interpretation of additional parameters (a and b) that define the functional form of deviation 
pattern from the reference models concentration addition (CA) and independent action (IA); adapted from 





a>0: antagonism except for those 
mixture ratios where negative b value 
indicate synergism
a<0: synergism except for those 
mixture ratios where positive b value 
indicate antagonism
b DL>1: change at lower 
EC50 level
b DL=1: change at EC50 level
0<b DL<1: change at higher 
EC50 level
b DL<1: No change but the 
magnitude of S/A is DL 
dependent
b i >0: antagonism where the toxicity of the mixture is caused mainly 
by toxicant i
Dose-ratio dependent (DR)
b i <0: synergism where the toxicity of the mixture is caused mainly 
by toxicant i
Dose-level dependent (DL)
a>0: antagonism low dose level and 
synergism high dose level
b DL>2: change at lower EC50 level
b DL=2: change at EC50 level
a<0: synergism low dose level and 
antagonism high dose level
1<b DL<2: change at higher EC50 level
b DL<1: No change but the magnitude 
of S/A is effect level dependent




4.3.1 Single Toxicity  
Both endpoints, shoot length (SL) and fresh weigh (FW), evaluated during single 
exposure of T. aestivum and B. rapa to glyphosate showed that only at high doses 
significant differences were observed. The EC50 values for the single experiments and the 
single tests made simultaneously with the mixture experiments were very similar for SL 
and FW and close to the highest dosage of the herbicide tested (Fig. 4.2, Fig. 4.3, Table 
4.2, and Table 4.3). The same occurred in the other two PPPs tested, dimethoate and 
spirodiclofen, since the EC50 calculated for SL and FW was close to the value of the 
highest concentration applied in the soil. Once more, the EC50 of the two endpoints 
evaluated can be considered in the same range of values (Fig. 4.2, Fig. 4.3, Table 4.2, and 
Table 4.3). 













































Fig. 4.2 – Fresh weight (columns) and shoot length (straight lines) of Triticum aestivum grown in LUFA 2.2 
soil for 21 d, after application of glyphosate, dimethoate and spirodiclofen (mean net response with standard 





































Fig. 4.3 – Fresh weight (columns) and shoot length (straight line) of B. rapa grown in LUFA 2.2 soil for 21 
d, after application of glyphosate, dimethoate and spirodiclofen (mean net response with standard error bars). 
All units (nominal values) in mg AI/Kg dry soil. (* indicates statistical differences (Dunnett´s method, 
p<0.05)). 
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Table 4.2: EC50 values (mg AI/Kg dry soil) and 95% confidence intervals (CI) for the effects of single 
exposure pesticides on the shoot length and fresh weight of Triticum aestivum exposed for 21 days on LUFA 
2.2 soil. Values included were also derived from single chemical exposure in tests run simultaneously with 
the mixture exposure. 





Glyphosate 156.9 (130.2 – 163.6) 129.4 (85.6 – 173.1) Single exposure 
 151.7 (107.4 – 196.0) 153.7 (102.6 – 194.7) Mixture with dimethoate 
 91.5 (5.6 – 177.5) 105.3 (28.5 – 182.2) Mixture with spirodiclofen 
Dimethoate 19.3 (12.7 – 25.9) 11.4 (1.2 – 20.8) Single exposure 
 22.9 (17.9 – 28.1) 22.0 (16.4 – 35.7) Mixture with glyphosate 
 10.5 (5.8 – 17.9) 12.3 (7.8 – 32.3) Mixture with spirodiclofen 
Spirodiclofen 2.4 (1.7 –  2.6) 2.5  (1.2 –  2.6) Single exposure 
 1.8 (1.5 – 2.4) 2.2. (1.5 – 2.5) Mixture with glyphosate 
 1.3 (0.7 – 2.3) 1.5 (1.3 – 2.0) Mixture with dimethoate 
 
Table 4.3: EC50 values (mg AI/Kg dry soil) and 95% confidence intervals (CI) for the effects of single 
exposure pesticides on the shoot length (SL) and fresh weight (FW) of Brassica rapa exposed for 21 days on 
LUFA 2.2 soil.  Values included were also derived from single chemical exposure in tests run simultaneously 
with the mixture exposure.  





Glyphosate 151.9 (122.1 – 171.7) 145.9 (73.6 – 161.5) Single exposure 
 147.3 (30.4 – 225.1) 97.3 (53.1 – 242.9) Mixture with dimethoate 
 144.4 (18.1 – 270.6) 90.9 (87.1 – 268.8) Mixture with spirodiclofen 
Dimethoate 35.8 (24.6 – 37.1) 28.8 (22.1 – 31.6) Single exposure 
 38.5 (22.3 – 39.1) 38.9 (31.1 – 39.9) Mixture with glyphosate 
 19.0 (8.3 – 24.5) 18.7 (15.8 – 23.5) Mixture with spirodiclofen 
Spirodiclofen 2.3 (0.3 – 2.6) 1.7 (0.3 – 2.5) Single exposure 
 1.9 (0.8 – 2.3) 1.3 (0.5 – 1.9) Mixture with glyphosate 
 2.1 (1.7 – 2.5) 2.4 (2.1 – 2.5) Mixture with dimethoate 
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4.3.2 Mixture Toxicity  
 
4.3.2.1. Glyphosate and spirodiclofen 
After fitting the CA model to the SL data from the binary mixture of glyphosate 
and spirodiclofen, deviations from this reference model were observed in the two plant 
species. Antagonism described better the mixture for T. aestivum since when the parameter 
a was extended in the MIXTOX model the coefficient of determination (r2) increased in 
comparison with the reference model, the residuals of the sum of squares (SS) decreased 
(Table 4.1; Table 4.4) and the p-value of the chi-test performed with the reference model 
was significant. When the IA model was fitted to the SL of T. aestivum the reference 
concept resulted as the best descriptive model to explain this mixture (Table 4.4); in this 
case adding parameters a and b did not improve the description of the mixture (p > 0.05), 
although there was a small reduction in the SS values. When the CA model was fitted to 
the SL of B. rapa a DL deviation was observed (Table 4.6), since adding parameters a and 
b improved the description of the data (r2 = 0.82; SS = 38) in comparison with the 
reference model (r2 = 0.64; SS = 75). Since parameter a was higher than zero and 
parameter b less than zero, this meant that antagonism occurs at low doses of the two 
pesticides and with high doses of the two pesticides synergism takes place. When the IA 
model was fitted to the SL data of B. rapa a deviation from the reference model was found, 
hence adding parameter a produced and improvement in the description of the data (Table 
4.6). As parameter a was higher than zero, this means that antagonism occurred in the 
mixture, thus a smaller than expected toxicity was observed. Adding parameter b did not 
improve statistically the description of the data.  
Fitting the CA model to the FW of T. aestivum and B. rapa after exposure to 
glyphosate and spirodiclofen resulted in an antagonistic deviation (Table 4.5; Table 4.7). 
Adding parameter b did not improve the description of the data for both plant species. 
When the IA model was fitted to the same data, the reference model itself was the most 
parsimonious model for both plants (Table 4.5; Table 4.7). This is an indication, that for 
this reference model, extending the MIXTOX with parameters a and b did not lead to a 
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more satisfactory description of the data, thus no interaction between the two pesticides 
was detected in this endpoint.     
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Table 4.4: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the shoot length of Triticum aestivum exposed for 21d to three 
pesticide mixtures in LUFA 2.2 soil.  








Reference 0.81 * 386 - - 0.85 * 303 - - 
S/A 0.85 * 290 2.2 - 0.86 # 295 0.97 - 
DR 0.86 # 286 3.2 -1.9 0.85 # 294 1.9 -1.5 




Reference 0.60 * 660 - - 0.73 * 448 - - 
S/A 0.72 * 474 2.1 - 0.74 * 444 -0.83 - 
DR 0.79 * 347 5.4 -7.7 0.78 * 367 7.3 -15.8 




Reference 0.39 * 574 - - 0.41 * 641 - - 
S/A 0.45 # 522 2.4 - 0.47 # 584 2.3 - 
DR 0.48 # 490 -1.9 9 0.54 * 499 -6.9 15.2 
DL 0.49 # 484 0.0006 -306.2 0.52 # 521 0.0054 -1679.2 
 
r2  is the coefficient of determination; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * < 0.05; # > 0.05); SS is residuals sum of squares; a and 
b are the parameters of the deviations; S/A is synergism/antagonism, DR is dose-ratio deviations and DL is dose-level deviation from the reference models.  
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Table 4.5: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the fresh weight of Triticum aestivum exposed for 21 d to three 
pesticide mixtures in LUFA 2.2 soil.   








Reference 0.76 * 53095 - - 0.82 * 39581 - - 
S/A 0.82 * 39908 1.9 - 0.82 # 39580 -0.03 - 
DR 0.83 # 36412 4.1 -4.5 0.83 # 37742 3.4 -5.9 




Reference 0.67 * 79619 - - 0.76 * 57766 - - 
S/A 0.74 * 61286 - - 0.76 # 56201 -1.5 - 
DR 0.80 * 46219 5.2 -7.5 0.81 * 46271 10.1 -26.5 




Reference 0.60 * 163684 - - 0.67 * 136940 - - 
S/A 0.71 * 119685 3.1 - 0.70 * 120921 2.2 - 
DR 0.73 # 109105 -0.8 6.9 0.73 # 109320 -3.2 8.5 
DL 0.76 * 96293 0.07 -25.2 0.73 # 108936 0.008 -504.7 
 
r2  is the coefficient of determination; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * <0.05; # >0.05); SS is residuals sum of squares; a and b 
are the parameters of the deviations; S/A is synergism/antagonism, DR is dose-ratio deviations and DL is dose-level deviation from the reference models. 
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Table 4.6: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the shoot length of Brassica rapa exposed for 21 d to three 
pesticide mixtures in LUFA 2.2 soil.  








Reference 0.64 * 75 - - 0.78 * 46 - - 
S/A 0.73 * 59 1.9 - 0.82 * 37 1.6 - 
DR 0.74 # 56 3.5 -2.9 0.82 # 37 2.1 -0.9 




Reference 0.75 * 36 - - 0.80 * 30 - - 
S/A 0.83 * 25 1.7 - 0.83 * 25 1.4 - 
DR 0.84 # 24 2.9 -2.2 0.83 # 25 1.9 -0.9 




Reference 0.61 * 119 - - 0.70 * 91 - - 
S/A 0.79 * 64 3.4 - 0.81 * 60 3.2 - 
DR 0.79 # 64 3.4 -0.06 0.81 # 58 2.7 0.8 
DL 0.80 # 59 6.9 0.3 0.82 # 54 7.6 0.8 
 
r2  is the coefficient of determination; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * <0.05; # >0.05); SS is residuals sum of squares; a and b 
are the parameters of the deviations; S/A is synergism/antagonism, DR is dose-ratio deviations and DL is dose-level deviation from the reference models.  
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Table 4.7: Parameter estimates and tests of fit of the reference models using the MIXTOX model applied to the fresh weight of Brassica rapa exposed for 21 d to three 
pesticide mixture in LUFA 2.2 soil.  








Reference 0.81 * 66667 - - 0.83 * 57008 - - 
S/A 0.84 * 55937 1.2 - 0.85 # 53285 1.0 - 
DR 0.86 # 50432 3.1 -3.5 0.85 # 51359 2.3 -3 




Reference 0.82 * 42799 - - 0.85 * 36951 - - 
S/A 0.85 * 35713 1.1 - 0.85 # 35887 0.7 - 
DR 0.86 # 32412 2.8 -3.1 0.86 # 34371 2.1 -3.3 




Reference 0.67 * 143835 - - 0.75 * 110221 - - 
S/A 0.80 * 87829 3.2 - 0.82 * 77776 3.4 - 
DR 0.80 * 87818 3.1 0.2 0.83 # 77112 2.4 2.1 
DL 0.83 * 73083 9.9 0.3 0.87 * 56393 21.8 1.05 
 
r2  is the coefficient of determination; p (χ2) indicates the outcome of the likelihood ratio test (significance levels: * <0.05; # >0.05); SS is residuals sum of squares; a and b 
are the parameters of the deviations; S/A is synergism/antagonism, DR is dose-ratio deviations and DL is dose-level deviation from the reference models. 
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4.3.2.2 Glyphosate and dimethoate 
In the mixture of glyphosate and dimethoate, after fitting the CA and IA models 
to the SL of T. aestivum deviations from the reference model were observed (Table 4.4).  
A DR deviation was found to be the deviation that explained better the data after fitting 
CA, with a significant decrease in the SS and an increase in the variation that was 
explained. Since parameter a was higher than zero and parameter b smaller than zero, 
this meant that antagonism occurred when dimethoate was dominant in the mixture, and 
synergism occurred in mixtures where glyphosate was dominant (Table 4.1). DL was 
the deviation that explained better the data after fitting IA to data, with parameters a and 
b indicating that synergism occurs at low doses, but with increasing doses (higher than 
the EC50 level) antagonism starts to be observed (Table 4.1). For B. rapa, after fitting 
CA and IA models to the SL data, antagonism was the deviation found, since adding 
parameter a improved the model fit significantly (Table 4.6) with the parameter a 
smaller than zero, and a significant reduction in the SS values.  
For the FW, after fitting the CA and IA models to T. aestivum, the same 
deviations to those encountered in the SL were observed. After fitting CA to the data a 
DR deviations was observed with parameters a and b, indicating that antagonism 
occurred in the mixture with the exception of mixtures where glyphosate was dominant 
(Table 4.5). After fitting the IA model, DL deviation indicated that synergism occurs at 
low doses, but with increasing doses (higher than the EC50 level) antagonism starts to be 
observed (Table 4.5). After fitting the CA model to the FW of B. rapa, antagonism was 
detected as the deviation that explained better our data (Table 4.7). When the reference 
model of IA was fitted, the reference model itself was the model that explained better 
the data, since subsequent addition of parameters to the MIXTOX did not bring 
significant improvements (Table 4.7).  
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4.3.2.3 Dimethoate and spirodiclofen 
When the reference models were fitted to the SL data of the binary mixture 
performed with dimethoate and spirodiclofen, some deviations were detected. In T. 
aestivum, the CA reference model was the model that fitted better the data; although 
adding parameters a and b decreased the SS values, there was not a statistically significant 
improvement in describing the data (Table 4.4). After IA was fitted to the same data of T. 
aestivum a DR was observed, with parameters a and b indicating that synergism occurred 
in the mixture where spirodiclofen was dominant and antagonism occurred in mixtures 
where dimethoate was dominant (Table 4.1; Table 4.4). For B. rapa, antagonism was the 
deviation that explained better the data after fitting the CA and IA models (Table 4.5).  
After fitting the CA model to the FW of T. aestivum, a DL deviation was observed, 
with parameter a and b showing that antagonism could be found at low doses and 
synergism at high doses of the two pesticides and that the magnitude of 
antagonism/synergism becomes dose level dependent (Table 4.5; Table 4.1). When the IA 
model was fitted to the same data, an antagonistic deviation was observed. After fitting the 
CA and IA models to the FW of B. rapa a DL deviation was found with parameters a and b 
indicating that that antagonism could be found at low doses and synergism only at high 
doses of the two pesticides and that the change between antagonism/synergism would 













4.4.1 Single Exposure  
 
4.4.1.1 Glyphosate 
Glyphosate only caused effects in the growth pattern of wheat at high 
concentrations of the herbicide spiked in the soil. This could be explained by the fact that 
glyphosate is a designed post-emergence herbicide, usually applied at already developed 
plants. Glyphosate absorption takes place through the leaves from where it is translocated 
to the rest of the plant through the phloem, and finally reaches the target chloroplasts 
where it is responsible for inhibiting the EPSPS enzyme (Ribo, 1986). The EPSPS activity 
was evaluated in 1-14 day-old wheat seedlings growing in culture chambers and it was 
observed that during germination, one of the most important sources of enzyme was the 
seed scutellum, followed by the developed leaves where 43% of the whole stock of 
enzyme was encountered (Arnaud et al., 1994). In addition to the biochemical allocation of 
EPSPS, it should be pointed out that other studies had demonstrated that little or no 
inhibition of seed germination occurs in wheat species with preharvest glyphosate 
application (Yenish and Young, 2000). Previous studies with glyphosate showed that at 
labeled recommended rates this herbicide did not affect the growth and biomass of wheat 
(Soltani et al., 2009). Furthermore, glyphosate applied 1 to 31 d before seedling did not 
affect wheat yields or grain test weights (Ogg and Young, 1991).  
In a recent study dealing with the effects of herbicide drift to B. rapa, it was 
concluded that concentrations below the field application rate did cause an effect in seed 
production but not in the shoot dry weight of this species (Olszyk et al., 2010). Another 
study dealing with Brassica napus L.  demonstrated that even in the highest dose not all 
the plants died as a consequence of herbicide application (Jong and Haes, 2001). Similar 
results regarding the absence of toxic effects at labeled rates of glyphosate on the shoot 
growth and shoot dry weigh of B. napus were observed (Blackburn and Boutin, 2003; 
Petersen et al., 2007) . Again, it is pertinent to say that glyphosate is also more toxic when 
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plants are fully developed thus having large contact surfaces for penetration of the 
herbicide that can be translocated into the storage organs (Dekker and Chandler, 1985), 
thus it should be expected that absorption from the soil, where this herbicide was spiked, 
could represent lower toxicity than foliar application. From the above, it can be stated that 
the effects of the post-emergence herbicide glyphosate will necessarily depend on factors 
such as the development stage of the plant, the target species and the amount of active 
ingredient that is used (Doublet et al., 2009).  
 
4.4.1.2 Dimethoate 
The effects of the insecticide dimethoate were only observed at concentrations 
higher than should be expected in the soil, since the field application dose did not cause an 
impact in both endpoints evaluated. In a previous study the application of this systemic 
organophosphorous insecticide decreased chlorophyll, sugars and carbohydrates and total 
protein in wheat plants has been observed only after a growing period of two months (Abo-
El-Seoud and Frost, 1998). A recent study had demonstrated that this species was not 
affected in the germination capacity but the mean dry weight of the seedlings decreased 
(Hanley and Whiting, 2005). Again it seems pertinent to state that dimethoate is used to 
control foliar insects, and it is applied to already grown plants, thus it should be expected, 
at it was said about glyphosate, that absorption through soil should be less toxic to plants.  
The effects of dimethoate to B. rapa were observed only at high concentrations of 
the systemic insecticide dimethoate. A previous study has evaluated the effect of the 
influence of leaf wax cover of B. napus, on the bioavailability of dimethoate to the 
collembolan Folsomia candida Willem (Chowdhury et al., 2005), and concluded that no 
effects were observed in the leaves of grown B. napus due to the foliar application of this 
insecticide. Previous studies had observed that dimethoate decreased oil content in the 
developing seeds of Indian mustard (Brassica juncea L.) but showed an increase in the 
mature seeds (Munshi et al., 1987) although these effects were not impairment to the 
growth of this Brassicaceae species. It can be concluded that this insecticide, if applied at 
recommended doses, does not exert a toxic effect on the germination potential and 
vegetative vigour of B. rapa.  
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4.4.1.3 Spirodiclofen 
Spirodiclofen had no effects at the labeled dose of T. aestivum and B. rapa. There 
are several reports about the effects of spirodiclofen in target pests and no effects on plants 
where this acaricide was applied were observed (Hardman et al., 2003; Raudomis, 2006). 
According to the reports about the distribution and metabolism of spirodiclofen in apples, 
citrus and grapes, sprayed at fruit setting and before harvesting, using the commercial 
formulation of this acaricide, found no evidence of metabolic or biochemical effects in the 
referred species (Koester, 2002). In addition, a report about the ecobiological profile of 
spirodiclofen (Wachendorff et al., 2002; Nauen, 2005) concluded that no effects in 
terrestrial plants were to be anticipated if this PPP was to be applied at field rates. The 
present study seems to corroborate these previous findings, since differences in the growth 
of wheat were only observed at concentrations higher than should be expected if this 
acaricide is applied at labeled doses in the field. The fact that no effects on T. aestivum and 
B. rapa growth and biomass were observed at field recommended dose seems to 
corroborate the previous observations on the absence of detrimental effects at labeled doses 
of this acaricide.   
  
4.4.2 Mixture Exposure  
Although single exposures of the three PPPs used provided information that 
corroborates with already available data, the approach of single evaluations had to be 
carried out to proceed for the mixture toxicity evaluation. 
 
4.4.2.1 Glyphosate and spirodiclofen 
Fitting the CA model to the SL and FW data from the two plant species obtained 
resulted in an overall antagonistic deviation. There was conformity in the antagonistic 
deviation produced by the binary combination of glyphosate and spirodiclofen, only in the 
length of B. rapa where the outcome was a DL deviation, although with the prediction that 
antagonism would be encountered in low doses of the two pesticides. As a consequence the 
growth rate of wheat exposed to low concentrations of the two PPPs had a smaller impact 
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in the growth ability of this species than it was expected from the single exposures. This 
may be due to the fact that when the pesticides were applied jointly at sublethal 
concentrations, the plants were not affected in their vegetative vigour and the decrease in 
length and FW was only observed in the highest doses of each pesticide. A previous work 
where wheat was exposed to new aminoalkane and aminofluorenephosphonates 
compounds in binary mixture with glyphosate at concentrations around the respective 
EC50, reported that the interaction between the mixture were mainly antagonistic (Bielecki 
et al., 2004). This antagonistic deviation can be associated with processes resulting from 
interactions in the medium (pesticide-pesticide binding in soil), interactions at site of 
uptake, and interactions at the target site (one pesticide may affect the binding of the other 
to the target cell), which could be the explanation for the reduced toxicity in some pesticide 
mixtures (Spurgeon et al., 2010).  
When the IA model was fitted to the same data, this reference model was the most 
parsimonious model explaining the joint effects of these PPPs with the exception of the 
length of B. rapa, where antagonism was observed (the same data that rendered a different 
outcome when CA was chosen as a reference model). Nevertheless it can be said that again 
there was conformity in the outcome of fitting this reference model to both endpoints and 
plant species, which seem to indicate that these pesticides acted independently according to 
their expected different MoA (Greco et al., 1995).  
 
4.4.2.2 Glyphosate and dimethoate 
After fitting the CA and IA models to the SL and FW of the mixture of glyphosate 
and dimethoate, deviations from the reference models were observed for T. aestivum. 
When the CA model was fitted to data a DR deviation was observed, meaning that 
antagonism occurs in the mixture with the exception for the combinations where the 
toxicity was caused mainly by glyphosate. In the combinations where this herbicide was 
the dominant toxicant, synergism took place, meaning more toxicity than it was expected. 
After fitting the IA model a DL deviation was derived, with synergism at low doses and a 
change to antagonism at doses higher than the EC50 level.  
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The apparent disagreement in predicting antagonism (DR deviation) or synergism 
(DL deviation) should be addressed taking in consideration the real data observed and 
comparing it with the two opposed deviations derived from the MIXTOX. This will allow 
us to compare the two deviations and choose the “best” descriptive deviation of the data. In 
order to do this we plotted the length and FW data and the two deviations (DR after CA fit 
and DL after IA fit) following the logarithm of the toxic units of each binary mixture 
performed (Fig. 4.4 and Fig. 4.5). After analyzing the graphs it can be concluded that DL 
(with synergism at low doses and antagonism only at doses higher than the EC50 level) 
provided the best description of the data, since the line plotted fitted the data points of the 
observed values better than the DR line. In conclusion, synergism predicted at low doses of 
the two pesticides and antagonism at high concentrations (and therefore with less 
biological significance) seems to be the pattern that should be derived from the interaction 
of these two pesticides.  
 
 
Fig. 4.4 - Effect of glyphosate and dimethoate (ln ∑TU) on the shoot length of Triticum aestivum (cm per 
plantl). Observed values from binary mixtures (square dots), modeled dose-response values after fitting the 
dose ratio from concentration addition (dotted line) and after fitting the dose level-dependent deviation from 
independent action (straight line). 
 





Fig. 4.5 - Effects of glyphosate and dimethoate (ln ∑TU) on the fresh weight of Triticum aestivum (mg per 
plant). Observed values from binary mixtures (square dots), modeled dose-response values after fitting the 
dose ratio from concentration addition (dotted line) and after fitting the dose level-dependent deviation from 
independent action (straight line) 
 
Organophosphorous insecticides, like dimethoate, are known to inhibit the 
cytochrome P450 in terrestrial plants (Biediger et al., 1992) which is know to play an 
important role in detoxification processes of several xenobiotic in plants (Munkegaard et 
al., 2008). It also has been described that glyphosate inhibits the cytochrome P450 enzyme 
of wheat plants, which will increase the proportion of toxic molecules reaching the target 
site (Xiang et al., 2005). Thus, a possible explanation for the synergism detected in this 
mixture could be the joint effect of the two stressors in biochemical impairment of 
cytochrome P450.  
After fitting the CA and IA models to the FW and length of B. rapa deviations were 
also found. When the CA model was fitted to the length and FW data, antagonism was the 
deviation observed, thus it can be said that a lower toxicity than expected was observed in 
both endpoints. A significantly lower toxicity was also observed in a mixture of glyphosate 
and the organophosphorous insecticide chlorpyrifos applied at field recommended doses to 
B. napus (Martin and Ronco, 2006). When the IA model was fitted to SL data antagonism 
was observed. Antagonism was also detected in a work dealing with the joint effects of 
organophosphorous insecticides and herbicides (metsulfuron-methyl, terbutylazine and 
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bentazone) on the green algae Pseudokirchneriella subcapitata and aquatic plant Lemna 
minor (Munkegaard et al., 2008). In the cited work it was conclude that the majority of 
mixtures performed resulted in antagonism, and no synergism (enhanced toxicity) was 
registered. The only exception to this general antagonistic pattern was when the IA model 
was fitted to the FW data, whereas the reference model itself was the most parsimonious 
model for explaining the mixture toxicity. The outcome was that the pesticides acted 
independently, meaning that the susceptibility to glyphosate may or may not be correlated 
with the susceptibility to dimethoate (Wilbur et al., 2004).   
 
4.4.2.3 Dimethoate and spirodiclofen 
When the CA model was fitted to the SL data of T. aestivum the mixture with 
dimethoate and spirodiclofen the reference model itself was the most parsimonious model. 
According to the CA model the resulting toxicity of the mixture can be accounted as a 
simple summation of the toxicity of each pesticide present in the mixture (Loureiro et al., 
2010). But when the IA reference model was fitted to the same data a DR deviation was 
detected, with synergism occurring when spirodiclofen was dominant in the mixtures and 
antagonism when dimethoate was dominant in the mixtures. When the CA model was 
fitted to the FW, a DL deviation was observed with a magnitude of antagonism dose level 
dependent (Jonker et al., 2005), and when IA was fitted to the same data, antagonism was 
again found as the deviation that explained better the interaction between these two 
pesticides. The difference between the two endpoints following CA and IA fitting of the 
data, seemed to indicate that in this particular case, the choice of endpoint led to different 
predictions, although not contradictory. Previous studies have already demonstrated that 
the toxic effects could vary according to the endpoint evaluated (Turgut and Formin, 
2002). Thus it has been recognized that the choice of endpoint could lead to different 
assumptions in mixture toxicity experiments (Cedergreen and Streibig, 2005).  
For the combination of dimethoate and spirodiclofen, antagonism was the general 
pattern observed after fitting CA and IA models to the SL and FW data of B. rapa. After 
fitting the CA and IA models to the length data, antagonism was the deviation that better 
explained the data, but when these models were fitted to the FW a DL deviation indicating 
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that antagonism would be expected unless the doses of the two pesticides were above the 
EC50 level. Antagonism has also been detected in binary mixtures applied to Brassica 
plants, and the reason appointed to the resultant toxic effects being smaller than expected 
were the competition in terms of the pesticide intake by the plants (An and Lee, 2007). In 
the present study one cannot exclude the possibility of chemical interaction between these 
two insecticides in the soil, and the concomitant lesser absorption of chemical by the plants 
via the soil matrix, since it has been described that the soil represents a good basis for 
interaction between substances, which could reduce their bioavailability to terrestrial plants 
(Matzke et al., 2008). Other interactions between these two pesticides could also mitigate 
the effects observed when the pesticides are applied in the mixture exposures in 
comparison with the effects observed in the single exposures performed.    
 
4.4.3 Comparing species sensitivity to the PPPs 
In an overall look about the results in single exposure toxicity tests, it could be 
stated that the EC50 obtained in the single toxicity experiments and in the single 
experiments that ran simultaneously with the mixture experiments were in the same range 
interval for both test species (Table 4.2, Table 4.3). The only exception was the insecticide 
dimethoate, that was slightly more toxic to T. aestivum than to B. rapa in the two endpoints 
evaluated, although the difference in the EC50 calculated varied only by a factor of two. 
Thus, it can be said that regarding the vegetative vigour of these species, no significant 
differences in their sensitivity to the single exposure to three PPPs were observed.  
From the analyses of the several binary mixtures performed, regarding the effects 
on the SL and FW, there was one combination (glyphosate and dimethoate applied to T. 
aestivum) where the prediction observed after fitting the CA model was apparently 
incongruent with the prediction made when the IA model was fitted to the same data. In 
fact, after modelling the values in the CA model a DL deviation with antagonism at low 
doses was observed, whereas the prediction after modelling the data with IA model derived 
a DR deviation with antagonism except for the mixtures where glyphosate was dominant in 
the mixture. Given that the herbicide glyphosate and the insecticide dimethoate have 
different MoA, and it has been demonstrated that the predictability of the IA model could 
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be more adequate for evaluating the interaction between two pesticides with differentiate 
MoA, maybe this could be one reason for why after fitting IA to the data a better 




Only at high concentration of the three pesticides, changes in the vegetative vigour 
(shoot length and fresh weight) of T. aestivum and B. rapa were detected. As a result, at 
the field recommended doses no detrimental effects would be anticipated in the growing 
ability of the two plant species. After fitting the CA and IA model to the data of SL and 
FW of the two plants, antagonism was observed in 16 of the 24 test-trials, the two 
conceptual models were the most parsimonious models in 5 of the 24 test-trials and only in 
3 test-trials the resulting interaction was synergistic at low doses of the two pesticides and 
changes to antagonism with increasing doses of the pesticides. Since synergism is the 
worrying condition in mixture toxicity assessment, it could be concluded that, apparently, 
mixing and applying these PPPs at recommended doses did lead to an increase in toxicity, 
the exception was the binary mixture of glyphosate and dimethoate applied to T. aestivum. 
There was a general agreement in terms of the outcome of fitting the models to the 
endpoints in the two plant species, implying that when submitted to the same binary 
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Most studies in soil ecotoxicology imply testing the effects on just one chemical in one test 
species using a reference soil (e.g. LUFA 2.2, OECD soil). There is an urgent need for a 
more comprehensive, holistic, hierarchical and integrated approach to assess the impacts of 
chemical pollutants on soil ecosystems. An attempt to accomplish an higher “realism” in 
ecotoxicity evaluation was made by designing a microcosm experiment, using a small-
scale terrestrial ecosystem (“STEM”) containing a Mediterranean agricultural soil, where 
earthworms (Eisenia andrei) and turnip seeds (Brassica rapa) were incorporated to survey 
the effects of the acaricide spirodiclofen and the insecticide dimethoate in single exposure 
along with binary combinations of the two pesticides. The results showed that for plants 
and earthworms the recommended application dose of both pesticides did not cause any 
impairment in the growth pattern of both test species, although with increasing 
concentrations a trend in decrease biomass could be observed for both test species. 
Earthworms were also sensitive in their depth distribution due to the application of the two 
pesticides, and this parameter was more sensitive to pesticide application than the variation 
in body weight. The several binary mixtures performed showed that according to the 
independent action model there was antagonism (smaller effect than expected) for the B. 
rapa parameters (shoot length and fresh weight). Regarding the depth distribution of E. 
andrei in the field dose and five times the field dose of the two pesticides, antagonism was 
observed whereas in the highest concentrations tested there was a synergistic pattern, i.e. 












Environmental toxicology has been focusing mainly the assessment of single toxic 
pollutants to single tests organisms, as it is established in several guidelines available for 
ecotoxicological studies (e.g. ISO, OECD). However, to bridge the gap between 
laboratorial single species tests, often criticized in terms of mode of exposure to a pollutant 
and for the problems in deriving and extending results to what happens in the field, and 
field studies, microcosms have been proposed as a good alternative for testing the effects 
of pollutants (Edwards, 2002).  
A terrestrial microcosm can be defined as a soil unit consisting either in soil taken 
from the field and sieved or intact soil cores where several species are introduced in order 
to assess the impacts of pollutants at different levels of biological organization (Burrows 
and Edwards, 2002) Environmental risk assessment is usually made by evaluating the 
effects of one single chemical to one test-species, and results are then extrapolated to the 
community level (De Laender et al., 2009), but the effects on the entire diversity of 
organisms in the edaphic ecosystems could be underestimated in single-species testing 
(Edwards, 2002), thus microcosms may lead to more realistic and sensitive results (Alonso 
et al., 2009). 
Pesticides sprayed in agricultural environments may impact both target species and 
non-target organisms or bordering areas (Reinecke and Reinecke, 2007). Earthworms are 
among these non-target organisms, and are of paramount importance to edaphic 
ecosystems, due to their important role in soil formation and structure through 
consumption of dead plant and animal matter, mixing of particles during digestion, cast 
deposition throughout the soil column, improvement of aeration and drainage of the soil by 
burrowing (Lydy and Linck, 2003).  Non-target plants in off-crop areas can be affected by 
indirect drift of the products applied to control weeds and pests (Jong et al., 2008). 
Therefore, it is important to assess the potential pernicious effects that the application of 
pesticides may have in non-target terrestrial plants. 
Dimethoate acts through the inhibition of acetylcholinesterase (AChE) enzyme 
activity in arthropods (Martikainen, 1996); its mode of action in plants has been shown to 




be internal to the seeds through the inhibition of the synthesis or action of hydrolytic 
enzymes (Gange et al., 1992). Spirodiclofen is a selective, non-systemic acaricide, and the 
risks to terrestrial plants have not been anticipated due to its specific mode of action as a 
lipid biogenesis inhibitor in invertebrates (Wolf and Schnorbach, 2002). The two plant 
protection products (PPPs) were chosen based on their different modes of action, but also 
due to the market share that dimethoate has in Europe as the one of the most sold 
insecticides and spirodiclofen, which has been recently introduced in Portugal (Vieira, 
2009). 
It is recognized that contamination problems are often characterized by complex 
mixtures of chemicals (Loureiro et al., 2009). The Independent Action (IA) reference 
model has been developed for chemicals with different mode of action and assumes that 
the effects of components in the mixture are statistically independent, thus the probability 
of the effect of one chemical is independent from the probability of the effect of the second 
chemical in the mixture (Loureiro et al., 2010). However, sometimes compounds can 
interact synergistically or antagonistically resulting in a stronger or lesser toxicity than it 
should be expected (Cassee et al., 1999).  
The objectives of this work were firstly to design a microcosm experiment which 
could mimic what happens in real exposure scenarios after the application of PPPs, and 
secondly to evaluate the combined effects of two pesticides to the earthworm Eisenia 
andrei and the turnip species Brassica rapa using the concept of independent action.  
 
5.2 Materials and methods 
 
5.2.1 Test organisms and test soil 
Earthworms of the epigeic species Eisenia andrei (Bouché), bought from a 
commercial supplier and seeds of Brassica rapa (L.) rapid cycle (Carolina Biological 
Supply Company) were used in the experimental procedure.  
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An agricultural soil was collected in the spring of 2010 (first 20 cm of soil 
collected) from the lower Mondego Valley (Portugal). The soil was brought from an 
agricultural field that has not been pesticide-treated in the last five years (Lemos et al., 
2010). Soil parameters included a pH (H2O) = 7.48, organic matter content = 2.4 %, clay = 
4.2 %, silt = 7.0%, sand = 88.7%, density (g/cm3) = 2.4 and a water holding capacity = 
70%. The soil was brought to the laboratory, sieved (5 mm) and air dried prior to 
experiment.  
 
5.2.2 Test chemicals 
The effects of dimethoate and spirodiclofen on test species were studied using three 
different concentrations, ranging from the field dose (FD), i.e. the recommended 
application rate according to the label of the commercial formulation of the product, to 10 
times the FD of the of dimethoate (Agror®) and spirodiclofen (Envidor®).  
More specifically, the nominal concentrations used for dimethoate ranged from 0.3 
mg active ingredient (a.i.)/Kg dry soil (recommended labeled dose), 1.5 mg a.i./Kg dry soil 
(5 fold the recommended dose) and 3 mg a.i./Kg dry soil (10 fold the recommended dose); 
for spirodiclofen the nominal concentrations ranged from 0.06 mg a.i./Kg dry soil 
(recommended labeled dose), 0.3 mg a.i/Kg dry soil (5 fold the recommended dose) and 
0.6 mg a.i/Kg dry soil of spirodiclofen (10 fold the recommended dose). The binary 
mixtures were made using the same concentrations of the two pesticides at the field dose, 5 
times the FD and 10 times the FD in a one fixed ratio design (Fig. 5.1). For each treatment 
and control, three replicates were made, in a total of 30 microcosms tested. Pesticides were 
applied at the surface of the soil layer using a common sprayer.  
 





















Fig. 5.1 - Experimental design of the binary combinations performed, based on the concentrations of 
dimethoate and spirodiclofen (all units are in mg a.i./Kg soil).  
 
5.2.3 Small-scale terrestrial ecosystem (STEM)  
The small-scale terrestrial ecosystems (STEM) consisted on 2mm wall cylindrical 
PVC pipes (12 cm diameter and 38 cm deep) with a surface area of 0.095 m2, filled to 
within 5 cm of the top with agricultural soil (Fig. 5.2). Each STEM was filled with 
approximately 4 kg of soil. The bottom of the microcosms was covered with fine plastic 





















Fig. 5.2 - Small-scale terrestrial ecosystem (STEM) used in the experimental procedure.  
 
The STEM were placed in an acclimatized moveable cart (83 cm length * 55 cm 
width * 55 cm depth) with the lid hollowed in order to enclose 5 STEM (Fig. 5.3). These 
acclimatized chambers allowed to maintain soil temperature (12 º C) and moisture of the 
STEM in controlled conditions (Fig. 5.4). Six acclimatized chambers, each one with 5 
STEM, were used in the experimental procedure.  
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5.2.4 Experimental Setup in STEM 
Each small-scale terrestrial ecosystem (STEM) was incubated in an experimental 
room at 20 ± 2º C, with a 16/8 h light dark regime for a period of 28 days. Soil water 
content was adjusted to 70% of maximum water holding capacity (WHC), making it 
comparable to field moisture, and was subsequently maintained throughout the experiment 
by adding sterile water in order to simulate rainfall in spring normal conditions (≈ 84 mm 
per day). Ten adult clitellate earthworms and ten turnip seeds were introduced on soil 
surface of each microcosm. Earthworm weight was recorded (as a group) before their 
introduction into the microcosms. At the end of the 28 d exposure period the fresh weight 
and shoot length of B. rapa were measured as well as the fresh weight and depth 
distribution of E. andrei along the microcosms.  
 
5.2.5 Chemical analysis 
The chemical analysis was performed after 28 days of exposure. Soil samples from 
the upper soil layer (0 - 10 cm) and the lower soil layer (10 - 20 cm) were taken and sent 
for chemical analysis at Marchwood Scientific Services, Southampton, UK. The method 
used for the analysis of the soil samples with dimethoate and spirodiclofen was as follows: 
soil samples were first air dried and ground and a 1-2 gram sample was extracted with 
acidified acetonitrile. The sample was then filtered and the filtrate subjected to further 
analysis by Liquid Chromatography-tandem Mass Spectrometry following a pre-treatment 
buffering stage. The instrument used for the analysis was an Agilent 6410 Triple quad 
LCMS-MS. Standards were prepared in solvents at 7 levels with recoveries in the range 










5.2.6 Statistical analysis 
Differences among plants and earthworms with PPP application and their respective 
controls were analyzed using a one-way ANOVA, followed by a post hoc Dunnett´s test (α 
< 0.05).  
For the comparison of the observed data and the predicted toxicity (probabilities of 
effect), the Independent Action (IA) model was used taking into account the single 
exposure results of each pesticide (Jonker et al., 2005). Under this conceptual model the 
pesticides in the mixture behave independently, thus the organism´s response to one of the 
pesticides would be the same even if the second pesticide is present or absent from the 
mixture, thus the toxicity of the compounds is predicted on probability statistics (Lydy et 
al., 2004). For quantal responses where values vary between 0 and 1 (i.e. escape response 
of the earthworms), the unaffected proportion can be expressed by the probabilities of 
nonresponse to the toxicants (Martin et al., 2009). For continuous data sets (i.e. shoot 
length and fresh weight of B. rapa) the probabilities of nonresponse (unaffected 
proportion) must be multiplied by the maximum value, which is the control, in order to 
obtain the mixture toxicity suggested by the IA model (Martin et al., 2009).  
 
5.3 Results and Discussion 
 
5.3.1. Chemical analysis 
The results showed that pesticide concentration is in general higher in the 0-10 cm 
layer than in the 10-20 cm (Table 5.1). This was expected since the application of the 
pesticide was made at the soil surface, and during the experiment the addition of water 
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Table 5.1: Chemical analysis of pesticide residues in soil collected in the upper layer (0-10 cm) and lower 
layer (10-20 cm) of the STEM after 28 d of exposure. S is for spirodiclofen and D is for dimethoate. ND is 
for not detected. All units are in mg a.i./Kg soil.  
 
Nominal concentration 
(mg  a.i./Kg) 
Spirodiclofen 
(0 - 10 cm) 
Spirodiclofen 
(10 - 20 cm) 
Dimethoate 
(0 – 10 cm) 
Dimethoate 
(10 – 20 cm) 
0.06 S (Field dose) 0.049 0.001 - - 
0.3 S (5*field dose) 0.029 0.004 - - 
0.6 S (10* field dose) 0.042 0.002 - - 
0.3 D (Field dose) - - 0.112 ND 
1.5 D (5* field dose) - - 0.013 ND 
3 D (10* field dose) - - 0.025 0.001 
Mix 1 (0.06 S + 0.3 D)  0.019 0.025 0.028 ND 
Mix 5  (0.3 S + 1.5 D) 0.003 ND 0.008 0.009 
Mix 10 (0.6 S + 1.5 D) 0.001 0.002 0.048 ND 
 
Both pesticides are considered non-persistent in soil, which is corroborated by their 
soil degradation (days), since dimethoate has a DT90 (laboratory at 20º C) of 10.2 days and 
spirodiclofen a DT90 (laboratory at 20 ºC) of 24 days 
(http://sitem.herts.ac.uk/aeru/footprint/en/index.htm). Furthermore, both chemicals have a 
low leaching potential (dimethoate = 1.05 and spirodiclofen = -0.42), which indicates their 
low leachability (http://sitem.herts.ac.uk/aeru/footprint/en/index.htm). These parameters 
regarding the environmental fate of dimethoate and spirodiclofen should explain the reason 
why just a small amount of pesticide residues were detected after the 28 days of exposure, 
even in the highest concentrations applied to the soil. 
Comparing the analyses performed with soil spiked with dimethoate field dose with 
the applied at 5 and 10 times the field dose, only a small amount of pesticide was retrieved 
in the soil samples of the upper layer (0-10 cm). In addition, after the 28 days of exposure, 
at the lower layer of 10-20 cm, a small amount of pesticide residues was identified only in 
the highest concentration tested. The same occurred in all the binary mixtures performed, 
where just a residual amount of dimethoate was found in the lower layer.  A similar pattern 




in terms of pesticide recovery was observed for spirodiclofen, since in the lower layer just 
a few amount of this acaricide was obtained in the analysis performed, even in the highest 
applications made in both single and binary mixtures.   
 
5.3.2 Brassica rapa  
There were no statistical differences in the shoot length and fresh weight (FW) after 
exposure to the pesticides dimethoate and spirodiclofen in any of the treatments performed 
(Fig. 5.5). However, a decrease of about 50% in plants length and FW was observed at the 
higher concentrations of dimethoate as well as in the concentration of 0.3 mg 
spirodiclofen/Kg soil. In the binary experiment no evident effects in both endpoints were 
found, but with increasing dosages of pesticides a trend in decreasing FW and length could 
be detected (Fig. 5.5).  
The field dose (FD) and thus the ecological relevant concentration did not cause 
any impairment in the growth ability of this plant species.  Indeed the small augment in the 
FW at the recommended dose of spirodiclofen and the increase in both endpoints at the 
field dose of dimethoate may indicate that these two pesticides did not affect the growth 
ability of B. rapa at recommended doses (Fig. 5.5). Previous works using the 
recommended dose of dimethoate in field applications did not observe any detrimental 
effects in the growth pattern of several Brassica species (Sarwar et al., 2003, Rana et al., 
2007). Recent studies where spirodiclofen was applied, at recommended doses, did not 
observe any impact in several plant species (Fountain et al., 2010, Hu et al., 2010, Van 






































Fig. 5.5 – Fresh weight (mg/plant) and shoot length (cm/plant) variation of Brassica rapa after the 
application of dimethoate, spirodiclofen and a binary mixture of the two PPPs in the STEM for 28 d. All 
units (nominal values) are in mg a.i./Kg soil. D indicates dimethoate; S indicates spirodiclofen. 
 
The decrease in both length and FW after application of spirodiclofen and 
dimethoate at 5 and 10 times the FD was more substantial than when the two pesticides 
were applied at these respective concentrations in the binary mixture. For instance, the 
length decreased 10 and 26% after exposure to 5 times the field dose of spirodiclofen and 
dimethoate respectively, but when the two pesticides were applied together the reduction 
was around 10% (Fig. 5.5). This demonstrated that when combined the pesticide did not 
cause an effect as strong as expected considering their effects when tested in the single 
exposures. The same occurred in the FW of the plants, since in the single exposures a 
reduction in 33% was observed after exposure to spirodiclofen and a reduction in 49% was 
detected after exposure to dimethoate (Fig. 5.5). Nevertheless, in the joint experiment the 
reduction in the FW was only of 11%, thus when the two pesticides were applied 
simultaneously their effect was not as steep as predicted when considering their single 
exposure effects.  




Regarding the concentrations of 10 times the field dose, the decrease in plants’ 
length was 7 and 18% after exposure to spirodiclofen and dimethoate, respectively, but in 
the mixture the reduction in plants growth was only 0.4% in comparison with the control 
(Fig. 5.5). Concerning the FW variation, after exposure to spirodiclofen plants loss was of 
11% and after dimethoate exposure it was around 43%; however, in the binary mixture the 
reduction in FW was 18%. Again, the same pattern was observed with the effects predicted 
from the single exposures conducted simultaneously being higher than in the observed 
combination of the two pesticides.  
An overlook at the data from the plant shoot length and fresh weight indicates that 
antagonism occurred in the binary mixtures made with these two pesticides. This was 
further corroborated when the mixture toxicity suggested by the IA model was compared 
with the actually observed data from the mixtures (Table 5.2). In the binary mixture made 
with the field dose the difference between observed and predicted mixture toxicity was not 
that steep, since the length observed was 9.8 cm and the prediction made by the IA was 9.4 
cm, thus the prediction fell in the standard deviation interval of the observed result (Table 
5.2). In the combinations made with 5 times the field dose, the observed length was 9.5 cm 
and the predicted result was 6.9 cm, therefore it should be expected, according to the IA 
model based on the single exposure effects, that the plants should have grown just 6.9 cm 
when they actually reached 9.5 cm (Table 5.2). Since the mixture effect was not as strong 
as expected, an interaction occurred between the two pesticides. The same antagonistic 
pattern was observed in the combination made with 10 times the field dose, where the 
observed value of 10.5cm was higher than the predicted 7.5 cm suggested by the IA model 
taking into consideration the single exposure effects.  
Regarding the effects of FW, at the field dose application rate the difference from 
the observed value (222 mg) and the predicted value (200 mg) was almost neglectable, but 
in the combinations with 5 times the FD there was a discrepancy between the observed 
value of 191 mg and the predicted FW of 68 mg according to the IA model. The same 
pattern can be observed in the highest concentration of the binary mixture performed, 
where the observed value (177mg) was higher than the predicted IA value (100mg) (Table 
5.2).  
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Therefore, the effects predicted by the IA model, based on the single exposure 
effects, were not corroborated by the observed values of the combined effect in the length 
and FW of B. rapa, and the discrepancy between the observed and predicted values seems 
to increase with the concentrations used in the binary mixtures. The same result 
(antagonistic deviation) has been obtained in a previous study made by the same authors, 
where the binary mixture of dimethoate and spirodiclofen was less toxic to the length and 
FW of B. rapa grown for a period of 21 days in LUFA soil than it was expected by the 
single exposures (Santos et al., submitted). 
Table 5.2: Observed values (mean net response and standard error) and predicted mixture toxicity values 
calculated by the independent action model using the probabilities of nonresponse (unaffected proportion of 
the endpoint measured). The endpoint measured for the earthworm Eisenia andrei was the proportion of 
worms in the soil lower layer (10-20 cm) and for Brassica rapa were the shoot length (in cm/plant) and fresh 
weight (in mg/plant).  S is for spirodiclofen and D is for dimethoate. All units of the treatments (nominal 










Control 0.12 (0.06 – 0.22) 10.7 (10.3 – 11.1) 235 (228-242) 
0.06 S 0.53 (0.33 – 0.74) 9.4 (8.7 - 10.0) 215 (152 – 277) 
0.3 D 0.73 (0.68 - 0.79) 10.8 (7.9 – 13.8) 219 (125 – 313) 
Mix 1 (0.06 S + 0.3D) 0.66 (0.51 – 0.82) 9.8 (7.6 – 12.1) 222 (126 – 318) 
Predicted Mix 1 0.88 9.4 200 
0.3 S 0.27 (0.05 – 0.57) 9.5 (9.2 – 9.7) 143 (122 – 165) 
1.5 D 0.53 (0.32 – 0.74) 7.8 (7.2 – 8.4) 112 (100  –  123) 
Mix 5 (0.3 S + 1.5 D) 0.30 (0.20 – 0.41) 9.5 (7.6 – 11.4) 191 (108 – 273) 
Predicted Mix 5 0.66 6.9 68 
0.6 S 0.57 (0.45 – 0.68) 9.8 (9.4 – 10.3) 192 (168 – 215) 
3 D 0.40 (0.23 – 0.57) 8.7 (8.3 – 9.0) 123 (111 –  134) 
Mix 10 (0.6 S + 3 D) 0.83 (0.78 – 0.89) 10.5 (9.7 – 11.4) 177 (155 – 200) 
Predicted Mix 10 0.74 7.9 100 




5.3.3 Eisenia andrei  
The exposure of earthworms to the two pesticides caused a decrease in their weight, 
with the exception of the exposure to 0.3 mg a.i. spirodiclofen /Kg soil where a residual 
increase in the biomass (0.4%) was observed (Fig. 5.6). With the exception of this 
spirodiclofen concentration, there was a general decrease consistent with increasing 
concentrations of spirodiclofen and dimethoate, and also with increasing concentrations of 
both pesticides in the binary mixtures performed. The loss of weight during the 
experimental period, even in control conditions, has been previously reported in several 
tests performed with terrestrial earthworms concerning the application of dimethoate 
(Dalby et al., 1995) as well as other pesticides, in both laboratory and field studies (Van 
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Fig. 5.6 – Weight variation (as % of control) with standard error of Eisenia andrei after the application of 
dimethoate (D), spirodiclofen (S) and a binary mixture of the two PPPs in the STEM for 28 d. All units 
(nominal values) are in mg a.i./Kg soil.  
Regarding the distribution of earthworms (vertical distribution) in the control, more 
than 70% of the worms were found in the upper layer (0-10 cm) of the STEM soil column 
(Fig. 5.7).  Finding the earthworms in the upper soil layer should be regarded as the 
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“normal” distribution of this epigeic species (Langdon et al., 2005), and deviations from 













Fig. 5.7 - Proportion of Eisenia andrei found along the STEM soil column in 0-10 cm upper layer and 10-20 
cm lower layer, after 28 days of exposure to dimethoate (D), spirodiclofen (S) and a binary mixture of the 
two pesticides.  All units (nominal values) are in mg a.i./Kg soil. 
 
Following the application of the acaricide spirodiclofen, more worms were found in 
the lower layer of 10-20 cm layer at the field dose and 10 times the field dose than in the 
control conditions, although in the concentration with 5 times the field dose 79% of the 
worms were in the upper layer (Fig. 5.7). There was not a dose response trend in the escape 
response of the earthworms with increasing doses of this pesticide, but a correlation 
between the pesticide concentrations detected in the upper layer (Table 5.1) and the 
number of earthworms recovered seems to exist: at higher concentrations of this acaricide 
in the soil fewer worms were observed. This result has been observed for spirodiclofen 
with other test-species following its application in soil (Santos et al., 2010).  




At the field dose of dimethoate more earthworms were found in the lower layer 
(73%), but with increasing dosages of this insecticide the number of individuals found in 
the upper layer increased regularly (Fig. 5.7). This apparent contradictory result should be 
interpreted taking in consideration the mode of action of dimethoate in earthworms. 
Organophosphate pesticides are known to cause a disruption in acetylcholinesterase 
inhibiting its enzymatic activity in earthworms (Rao et al., 2003), which could lead to an 
impairment in the regular behaviour of these organisms.  
Some constrictions in earthworm’s body were observed in the highest concentration 
of dimethoate and also in the binary combination with 10 times the field dose for the two 
pesticides. These constrictions were associated with a more languid behaviour observed 
when compared to the animals presented in control conditions, or even in earthworms 
exposed to lower concentrations of the pesticides. When the affected worms were poked 
they did not respond immediately to the contact, revealing a lack of response to the stimuli, 
a behaviour which has been observed also in other studies dealing with similar 
organophosphate pesticides (Booth et al., 2000; Rao et al., 2003; Novais et al., 2010). 
Muscle contractions are coordinated by nervous impulses, which are mediated by AChE 
activity (Stenersen, 1979), thus the inhibition of this enzyme could explain the languid 
behaviour and concomitant incapacity of escaping from the more contaminated portion of 
the soil. 
The percentage of worms observed in the lower layer at the field dose of the binary 
mixture was 66 % (Table 5.2), although according to the suggestion made by the IA model, 
based on the single exposure responses, around 88% of the worms should have migrated to 
the 10-20 cm portion of the soil (Table 5.2).  At 5 times the field dose, 30 % of the worms 
were in the lower layer, and the prediction made by IA was that more than the double 
amount of worms should have escaped (66 %). Thus in these two concentrations the 
number of worms in the less contaminated area of the soil was less than it should be 
expected by the escape response in the single exposures. It can be said that antagonism 
occurred at these concentrations in the mixtures, since the escape response predicted by the 
reference model was above the observed results, therefore the effect was not as strong as 
predicted by the model (Table 5.2). This antagonistic deviation was also observed in a 
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previous study using the same binary mixture, where the avoidance behaviour of the 
terrestrial isopod Porcellionides pruinosus was evaluated (Santos et al., 2010). 
In the highest mixture performed the observed value of 83 % of worms in the lower 
layer was higher than the predicted escape of 74 % obtained by the IA model (Table 5.2). 
These results might mean that a synergistic pattern took place as the response observed 
was higher than the predicted by the individual responses. This should be linked with the 
observed response escape in the single exposures made with the highest concentrations of 
the two pesticides. After exposure to the highest concentration of dimethoate in the single 
exposure, most earthworms stayed in the upper layer, but the majority escaped to the lower 
layer after exposure to the highest dose of spirodiclofen. When these pesticides were 
jointly applied, the worms escaped more than expected, and this could be due to the 
presence of spirodiclofen in the mixture. This acaricide could be the responsible for 
sending the “aware signal” to the earthworms, which had the opportunity to escape and 
avoid being entrapped in the more contaminated section as they were in the single 




At the field dose (ecological relevant concentration) no effects were observed in all 
the endpoints measures in both B. rapa and E. andrei. The binary mixtures showed an 
antagonistic effect on shoot length and fresh weight of B. rapa in all the concentrations 
tested. Although there was an increase in earthworms weight loss in comparison with the 
control in all microcosms treated with pesticides, the differences were not statistically 
significant. Nevertheless, in the binary mixture performed with 10 times the field dose, 
more worms have escaped than it was predicted by the reference model, indicating 
synergism when both pesticides were applied jointly at the highest concentration. In this 
way, behaviour escape response seems to be an important and sensitive evaluating 
parameter for these pesticides. The migration to the lower layers may have an ecological 
effect in the edaphic ecosystems; hence the earthworms could be impaired of regulating the 
turn-over of organic matter on soil surface with severe consequences to edaphic 




equilibrium. The small-scale terrestrial ecosystem (STEM) presented in this study had a 
good potential as a predictive tool to assess environmental pollutants effects of combined 
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In the present work a small-scale terrestrial ecosystem (STEM) containing a Mediterranean 
agricultural soil was used to survey the effects of the combination of the herbicide 
glyphosate and the insecticide dimethoate, mimicking real scenarios of exposure. 
Earthworms (Eisenia andrei), isopods (Porcellionides pruinosus), turnip seeds (Brassica 
rapa) and bait-lamina strips were placed in the STEM. The results showed that the 
application of the recommended field dose (ecological relevant concentration) of both 
pesticides did not cause any effect in the growing ability of earthworms and plants. The 
application of the herbicide, even at 5 and 10 times the field dose, increased feeding 
activity  in soil (bait-lamina test), although the application of dimethoate led to a decrease 
in feeding activity in all concentrations tested. The binary mixtures performed showed that 
according to the independent action model, synergism (higher effect than expected from 
the single exposures) was observed in both the shoot length and fresh weight of B. rapa at 
5 times the field dose, but antagonism was observed at 10 times the field dose. Regarding 
the germination success, antagonism was observed at the field dose, but synergism 
occurred in the mixtures made with 5 and 10 times the field dose. There was a decrease in 
the earthworm’s weight in all concentrations tested, although no statistical differences were 
observed in any of the treatments made. Regarding the vertical distribution of E. andrei in 
all the concentrations of the two pesticides, antagonism was observed (worms escaped less 
than should be expected from the single exposures made) in all concentrations. In all the 
binary mixtures performed a decrease in the feeding activity (bait-lamina consumption) of 
the soil fauna was observed, indicating synergism in all three binary mixtures. From the 
four biomarkers assessed in isopods (Catalase, AChE, GST, and LPO), only a significant 
decrease in the AChE activity upon dimethoate and the binary mixtures exposures 









Microcosms have been proposed as an optional tool to evaluate the effects of 
chemicals in both structural and functional endpoints in soil ecosystems in order to achieve 
a greater realism in ecotoxicological evaluation of chemicals to non-target organisms 
(Edwards et al., 2002). The effects of several classes of pollutants have been tested in 
microcosm design experiments, using various test compartments and methodology in terms 
of numbers of species introduced, time period of evaluation and soil type used as exposure 
medium (Lukkari et al., 2006). The option for an integrated microcosm experiment should 
try to establish a possible link between what happens in single species exposure tests made 
in laboratory conditions and the effects expected in field conditions (Løkke and Van 
Gestel, 1998).  
The application of plant protection products (PPP) in agricultural fields to control 
pests and achieve maximum harvest yield can pose threats to non-target organisms present 
in soil ecosystems (Giller et al., 1997). Since the majority of crops need more than just one 
type of PPP application during its growing cycle, this could pose an extra problem in terms 
of the action of combined agents to soil populations living in the vicinity of these exposure 
sites (Santos et al., 2010a). Consequently, it seems important to study the effects of 
combined PPP to non-target organisms, such as plants, earthworms and other faunal 
communities present in soil ecosystems (Matsumura, 1987).   
The Independent Action (IA) model has been established as a reference model for 
the assessment of pesticide mixtures of chemicals with different modes of action 
(Svendsen et al., 2010). Theoretically this model has subjacent the principle that the 
probability of the effect of one chemical is independent from the probability of the effect 
of the other chemical present in the mixture (Loureiro et al., 2010). However, in some 
mixtures, interactions between the components can occur, resulting in antagonism, when 
the mixture toxicity is lower than expected from the toxicities of single components, or 
synergism whereas the joint effects are stronger than it should be expected by the 
individual components toxicity (Jonker et al., 2005).  
Earthworms are responsible for the redistribution of organic material in soil, 
increasing soil penetrability and influence the supply of nutrients in soil ecosystems, thus 
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contributing to the augment of soil fertility (Syers and Springett, 1984). Their importance 
in maintaining soil structure and function is well recognized and any impact in its 
population dynamics should be addressed in terms of lack of services provided to soil 
equilibrium (Mäder et al., 2002). Non-target plants can enter in contact with pesticide 
residues due to spray drift from agricultural fields (Marrs et al., 1989), and this exposure 
may lead to impairment in plant communities (Snoo and Wit, 1998). Terrestrial isopods are 
important litter macrodecomposers on the soil surface that assume a key role in nutrient 
recycling of the plant material in edaphic ecosystems, and the impact of pesticides on 
biochemical indicators (biomarkers) has been used to evaluate possible detrimental effects 
that PPP could pose to this non-target organisms (Santos et al., 2010b). Soil organic 
carbon, provided by dead plants and animals, is the final result of decomposition processes 
promoted by microbial communities present in soil (Bronick and Lal, 2005). The 
application of pesticides in soil could pose a threat to these soil faunal communities, which 
are responsible for the organic matter decomposition (Büneman et al., 2005). Therefore it 
seems relevant to assess the impact of pesticides in the structure of edaphic communities, 
but also in their function, in terms of organic matter decomposition, and possible 
impairment of these ecosystems.  
Two PPP with different modes of action were chosen in this work: the herbicide 
glyphosate, which acts in plants through the inhibition of 5-enolpyruvylshikimic acid 3-
phosphate (EPSP) synthase (Huangfu et al., 2007) and the insecticide dimethoate which 
inhibits the action of acetylcholinesterase (AChE) enzyme activity in several arthropods 
(Loureiro et al., 2005) and also inhibits the synthesis or action of hydrolytic enzymes 
inside seeds (Gange et al., 1992). 
The objectives of this work were firstly to evaluate if a designed microcosm 
experiment could function as an useful tool to mimic the effects of pesticide application in 
agricultural fields and secondly to evaluate the combined effects of the two pesticides to 
the earthworm Eisenia andrei, the terrestrial isopod Porcellionides pruinosus, the turnip 
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6.2 Materials and Methods 
 
6.2.1 Test organisms and test soil 
Earthworms of the epigeic species Eisenia andrei (Bouché) were bought from a 
commercial supplier and seeds of Brassica rapa (L.) rapid cycle (Carolina Biological 
Supply Company) were used. Adult isopods of the species Porcellionides pruinosus (15-25 
mg wet weight) were used with no sex differentiation, although pregnant females and 
animals with lack of antennae were not used in the experimental procedure.  
An agricultural soil was collected in the spring of 2010 (first 20 cm of soil) from 
the lower Mondego Valley (Portugal). The soil was brought from an agricultural field that 
has not been pesticide-treated in the last five years (Lemos et al., 2010). Soil parameters 
include a pH (H2O) = 7.48, organic matter content = 2.4 %, clay = 4.2 %, silt = 7.0%, sand 
= 88.7%, density (g/cm3) = 2.4 and a water holding capacity = 70%. The soil was brought 
to lab, sieved (5 mm) and air dried prior to experimental procedures.  
 
6.2.2 Test chemicals 
The effects of glyphosate and dimethoate on test species were studied using three 
different concentrations, ranging from the field dose (FD), i.e. the recommended 
application rate, to 10 times the FD of the commercial formulation of glyphosate 
(Roundup®) and dimethoate (Agror®).  
More specifically, the nominal concentrations for glyphosate ranged from 1.7 mg 
a.i./Kg dry soil (recommended labeled dose), 8.5 mg a.i/Kg dry soil (5 fold the 
recommended dose) to 17 mg a.i/Kg dry soil of glyphosate (10 fold the recommended 
dose); for dimethoate ranged from 0.3 mg active ingredient (a.i.)/Kg dry soil 
(recommended labeled dose), 1.5 mg a.i./Kg dry soil (5 fold the recommended dose) to 3 
mg a.i./Kg dry soil (10 fold the recommended dose). The binary mixtures were made using 
the same concentrations of the two pesticides at the field dose, 5 times the field dose and 
10 times the field dose in a one fixed ratio design (Fig. 6.1). For each treatment and 
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control, three replicates were made, in a total of 30 microcosms tested. Pesticides were 




















Fig. 6.1 – Experimental design of the binary combinations performed, based on the concentrations of 
glyphosate and dimethoate (all units are in mg a.i./Kg soil). 
 
6.2.3 Small-scale terrestrial ecosystem (STEM)  
The small-scale terrestrial ecosystems (STEM) consisted on 2mm wall cylindrical 
PVC pipes (12 cm diameter and 38 cm deep) with a surface area of 0.095 m2, filled to 
within 5 cm of the top with agricultural soil (Fig. 6.2). Each STEM was filled with 
approximately 4 kg of soil. The bottom of the microcosms was covered with fine plastic 
gauze (1.0 mm aperture) to avoid earthworms’ escaping from the microcosms (Fig. 6.2). 
The STEM were placed in an acclimatized moveable cart (83 cm length * 55 cm 
width * 55 cm depth) with the lid hollowed in order to enclose 5 STEM. These 
acclimatized chambers allowed to maintain soil temperature (12 º C) and moisture of the 
STEM in controlled conditions. Six acclimatized chambers, each one with 5 STEM, were 
used in the experimental procedure.  


















Fig. 6.2 – Small-scale terrestrial ecosystem (STEM) used in the experimental procedure.  
 
6.2.4 Experimental Setup in STEM 
Each small-scale terrestrial ecosystem (STEM) was incubated in an experimental 
room at 20 ± 2º C, with a 16/8 h light dark regime for a period of 28 days. Soil water 
content was adjusted to 70% of maximum water holding capacity (WHC), making it 
comparable to field moisture, and was subsequently maintained throughout the experiment 
by adding sterile water in order to simulate rainfall in spring normal conditions (≈ 84 mm 
per day). Ten adult clitellate earthworms and ten turnip seeds were introduced on soil 
surface of each microcosm. Earthworm weight was recorded before their introduction into 
the microcosms. Five isopods, and alder leaves as food source, were added to each STEM 
at the beginning of the test. Three bait-lamina strips were also enclosed in the soil of each 
STEM. After 7 d of exposure the baits were removed from the soil and the number of 
empty holes (counted as eaten) was recorded. At the end of 28 d exposure period the fresh 
weight and shoot length of B. rapa were measured as well as the fresh weight and depth 
distribution of E. andrei along the microcosms. After 28 d of exposure the number of 
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surviving P. pruinosus in the STEM was recorded (retrieval rate) and the animals were 
kept at -80º C until the enzymatic analysis were performed  
 
6.2.5 Isopods – Biomarker evaluation 
Isopods were divided in two sections: head and body. The head was used for the 
AChE assay and the remaining body was used for GST, CAT and LPO assays. 
Homogenisation of the animals was made using a sonicator (KIKA Labortechnik U2005 
Control™), for approximately 5 s, using 100% amplitude, with one pulse. 
 
6.2.5.1 Acetylcholinesterase 
One isopod head per sample was homogenized using a sonicator in 500μl of 
potassium phosphate buffer (0.1M, pH 7.2), and the supernatants obtained after 
centrifugation of the homogenates (4 ºC, 3800g, 3 min) were removed and stored at -80ºC 
until enzymatic analysis. The AChE activity determination was performed according to the 
Ellman method (Ellman et al., 1961) adapted to microplate (Guilhermino et al., 1996). In a 
96 well microplate 250 μl of the reaction solution was added to 50μl of the sample and the 
absorbance was read at 414 nm, after 10, 15 and 20min.  The reaction solution had 1ml of 
5,50-dithiobis-2-nitrobenzoic acid (DTNB) 10mM solution, 1.280ml of 0.075M 
acetylthiocholine iodide solution and 28.920 ml of 0.1M phosphate buffer. The enzymatic 
activity is expressed as unit (U) per mg of protein. A U corresponds to one nmol of 
substrate hydrolyzed per minute, using a molar extinction coefficient of 1.36x10-3 M-1 cm-1. 
 
 
6.2.5.2 Glutathione S-Transferase 
Glutathione S-Transferases (GST) activity was determined based on the method 
described by Habig and collaborators (1974). After sonication, 100μL of the post-
mitochondrial supernatant PMS was mixed to 200μL of a reaction solution. The reaction 
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solution was a mixture of 4.95 ml K-phosphate buffer 0.1M (pH 6.5) with 900μL L-
glutathione reduced (GSH) 10mM, and 150μL 1-chloro-2,4-dinitrobenzene (CDNB) 
10mM and it was measured at 340 nm. The enzymatic activity is expressed as unit (U) per 
mg of protein. A U corresponds to a nmol of substrate hydrolyzed per minute, using a 
molar extinction coefficient of 9.6 x10-3 M-1 cm-1.  
 
6.2.5.3 Catalase  
Catalase (CAT) activity was determined based on the method described by 
Clairborne (1985). We mixed 15 μl of PMS with 150μL H2O2 0.030M, and 135 μL K-
Phosphate 0.05M (pH 7.0) and measured the decomposition of the substrate (H2O2) at 240 
nm. The enzymatic activity is expressed as unit (U) per mg of protein. A U corresponds to 
one µmol of substrate hydrolyzed per minute, using a molar extinction coefficient of 40 M-
1 cm-1. Ten replicates were used for each processing methodology for this enzymatic 
biomarker. 
 
6.2.5.4 Lipid peroxidation 
            The lipid peroxidation (LPO) assay was based on the methods described by (Bird et 
al., 1984) and (Ohkawa et al., 1979) by measuring thiobarbituric acid-reactive substances 
(TBARS) at 535 nm. The reaction included a mixture of 150 μL homogenated tissue, 500 
μL trichloroacetic acid sodium salt (TCA) 12% (w/v), 500 μL 2-thiobarbituric acid (TBA) 
0.73% (w/v) and 400μL Tris-HCl 60mM with diethylenetriaminepentaacetic acid (DTPA) 
0.1mM. The reaction mixture was then incubated at 100ºC in a water bath for 1h. After 
this, samples were centrifuged for 5 min. at 11500 rpm (25ºC). Samples were kept away 
from light, at 25ºC and immediately read at 535 nm. LPO is expressed as nmol TBARS 
hydrolyzed per minute per mg of wet weight, using a molar extinction coefficient of 1.56 
x10 M-1 cm-1.  
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6.2.6. Bait-lamina method 
Each bait-lamina consisted on a plastic strip with 16 holes filled with a mixture of 
cellulose, oat-bran, and active charcoal (70:27:3) and buried vertically in the soil of each 
STEM. After the exposure period of 7 d the baits are removed from the STEM and washed 
with tap water, the number of eaten baits (light fall through the bait) and non eaten baits 
(light does not fall through the baits) was recorded (Kratz, 1998).   
 
6.2.7 Chemical analysis  
Soil chemical analysis was performed after 28 days of exposure. Soil samples from 
the upper soil layer (0 - 10 cm) and the lower soil layer (10 - 20 cm) were taken and sent 
for chemical analysis at Marchwood Scientific Services, Southampton, UK. The method 
used for the analysis of soil samples for glyphosate and dimethoate comprised a first 
procedure for soil to air dry and ground; then 1-2 gram sample were extracted with 
acidified acetonitrile. The sample was then filtered and the filtrate subjected to further 
analysis by Liquid Chromatography-tandem Mass Spectrometry following a pre-treatment 
buffering stage. The instrument used for the analysis was an Agilent 6410 Triple quad 
LCMS-MS. Standards were prepared in solvents at 7 levels with recoveries ranging from 
80-120%.  
 
6.2.8 Statistical analysis 
Differences in plants’ fresh weight and length, earthworm’s fresh weight and 
number of holes eaten in the bait-lamina strips in the microcosms where pesticide was 
applied were compared with control microcosms using a one-way ANOVA, followed by a 
post hoc Dunnett´s test. Differences in enzymatic activity between isopods in control and 
in microcosms treated with the pesticides were compared with the Kruskal-Wallis test 
(ANOVA on ranks). The concentration after which 50% of the animals were found dead 
(LC50) was calculated using a logistic equation. Since the enzymatic data provided by the 
biomarkers evaluation were not normally distributed and data transformation did not 
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correct for normality, a Kruskal–Wallis ANOVA on Ranks was performed, followed by 
the Dunnett's method when significant differences were found.   
The Independent Action (IA) model can be used for the comparison of the observed 
data and the predicted toxicity (probabilities of effect), taking into account the single 
exposure results of each pesticide (Jonker et al., 2005). According to this reference model 
the probability of effect of a given organism to one compound is independent from the 
probability of the effect of the same organism being exposed to a second compound, 
meaning that the resultant mixture toxicity can be predicted based on probability statistics 
(Köneman and Pieters, 1996). For quantal responses which values vary between 0 and 1 
(i.e. escape response of the earthworms), the unaffected proportion can be expressed by the 
probabilities of nonresponse to the toxicants (Martin et al., 2009). For continuous data sets 
(i.e. vegetative vigor of B. rapa) the probabilities of nonresponse (unaffected proportion) 
must be multiplied by the maximum value, which is the control, in order to obtain the 
mixture toxicity suggested by the IA model (Martin et al., 2009).  
 
6.3. Results and Discussion 
 
6.3.1. Chemical analysis 
The results showed that pesticide concentration in the 0-10 cm layer was always 
higher than the layer of 10-20 cm (Table 6.1). This was expected, since the application of 
the pesticide was made at the soil surface, and during the experiment the addition of water 
could have contributed to a further dissipation of the pesticide along the test period.  
Glyphosate is considered moderately persistent in soil, with an half-live of between 
1.1 - 13 days, and dimethoate is of low persistence in the soil environment with an half-life 
of 4-16 days (Wauchope et al., 1992). According to the analysis, after the 28 days of 
exposure, in both soil layers, only small amount of pesticide residues was retrieved (Table 
6.1). The rapid dissipation observed for both glyphosate and dimethoate seems to confirm 
previous data concerning the half-life of these pesticides in soil.  




Table 6.1: Chemical analysis of pesticide residues in soil collected in the upper layer (0-10 cm) and lower 
layer (10-20 cm) of the STEM after 28 d of exposure. G is for glyphosate and D is for dimethoate. ND is for 




(mg  a.i./Kg) 
Glyphosate 
(0 - 10 cm) 
Glyphosate 
(10 - 20 cm) 
Dimethoate 
(0 – 10 cm) 
Dimethoate 
(10 – 20 cm) 
1.7 G (Field dose) 0.12 < 0.05 - - 
8.5 G (5* FD) 2.13 < 0.05 - - 
17 G  (10* FD) 0.91 0.25 - - 
0.3 D (Field dose) - - < 10 < 10 
1.5 D (5* FD) - - 0.02 < 10 
3 D (10* FD) - - 0.04 < 10 
Mix 1 (1.7 G + 0.3 D) ND < 50 0.02 < 10 
Mix 5 (8.5 G + 1.5 D) 0.36 < 50 0.04 < 10 




6.3.2 Brassica rapa  
 
Regarding the exposure to glyphosate, there were statistical differences in the fresh 
weight and shoot length of B. rapa after exposure to 5 times (8.5 mg glyphosate/Kg soil) 
the glyphosate field dose (Fig. 6.3). The number of plants that germinated after the 28 days 
of exposure (germination success) was significantly lower in the concentration made with 
5 and 10 (17 mg glyphosate/Kg soil) times the field dose. After exposure to the insecticide 
dimethoate, no differences in length, FW or germination success were observed in any of 
the single exposures performed (Fig. 6.3).  In the binary mixtures experiment there were 
effects in the length and FW of the plants at concentrations made with 5 and 10 times the 
field dose of both pesticides but no effects in the germination success were observed (Fig. 
6.3).  
 














































Fig. 6.3 – Variation (as percentage of control) of the fresh weight (mg/plant), shoot length (cm/ plant), and 
germination success (number of plants/STEM) of Brassica rapa after the application of glyphosate, 
dimethoate, and binary mixtures of the two PPPs in the STEM for 28 d. All units (nominal values) are in mg 
a.i./Kg soil. G indicates glyphosate; D indicates dimethoate. (* indicates statistical differences (Dunnett´s 
method, p<0.05)). 
 
There was a decrease around 33 % in shoot length after the application of 
glyphosate at field dose, in 35 % after exposure to 5 times the field dose of glyphosate, and 
in the highest concentration of glyphosate (10 times the field dose) the reduction of the 
shoot length was 34 % (Fig. 6.3). After exposure to the field dose of dimethoate an 
increase in 14 % of the shoot length was observed in comparison with control average 
length value. In the exposure to 5 times the field dose of dimethoate an increase of 12 % in 
the shoot length was detected, but after exposure to 10 times the field dose of dimethoate a 
decrease in length of 17 % was observed (Fig. 6.3). In the binary mixture of the field dose 
of the two pesticides a reduction in 24 % of the shoot length was observed (Fig. 6.3). The 
binary mixture resultant from the combination of these pesticides at 5 times the field dose 
caused a reduction of 61 % of the length in comparison with the control, and finally, at 10 
times the field dose a reduction in 64 % of the shoot length was observed (Fig. 6.3). 
Regarding the effects in the fresh weight, after the exposure to the recommended 
dose of glyphosate a reduction in 56 % was observed (Fig. 6.3). After exposure to 5 times 
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the field dose of glyphosate, plants fresh weight decrease 72 %, and the exposure to 10 
times the field dose of glyphosate originated a decrease in 70 % in the FW (Fig. 6.3). 
Exposure to the field dose of dimethoate increase of 13 % in plants FW, again an increase 
(7 %) was observed after exposure to 5 times the field dose of dimethoate, and only at the 
highest concentration of this insecticide a reduction in 25 % of the fresh weight was 
observed (Fig. 3). The binary mixture with the field dose of these pesticides has a decrease 
in 29 % of the FW, and the binary mixture performed with 10 times the field dose of both 
pesticides originated a total reduction of 77 % in fresh weight (Fig. 6.3). The binary 
mixture made with 10 times the field of the pesticides caused a reduction of 88 % (Fig. 
6.3). 
The total number of plants per microcosm recovered after the 28 days of exposure 
(germination success) was also evaluated, and the result after exposure to the field dose of 
glyphosate was an increase in 18 %, a decrease of 77 % after exposure to 5 times the field 
dose of glyphosate and in the highest concentration of glyphosate a decrease in the number 
of plants of 86 % was observed (Fig. 6.3). After exposure to the field dose of dimethoate 
an increase in 23 % of the number of plants was observed, when the plants were exposed to 
5 times the field dose of dimethoate an increase of 14 % was detected and after exposure to 
10 times the field dose of dimethoate, again an increase of 23 % was calculated (Fig. 6.3). 
The binary mixture with the field dose resulted in a decrease of 18 % in the number of 
plants that germinated during the exposure period (Fig. 6.3). The mixture made with 5 
times the field dose of both pesticides caused a decrease of 23 % in the number of plants 
recovered at the end of the test. Finally, the binary mixture made with 10 times the field 
dose resulted in a decrease of 27 % of the number of germinated plants (Fig. 6.3).  
The field dose and thus the ecological relevant concentration did not cause 
impairment in the vegetative vigor (length and FW) or germination success of this plant 
species. In fact, a small increase, in comparison with control, in the number of plants 
collected after the 28 days of exposure in the recommended dose of glyphosate was 
observed. In addition, an increase in the length, FW and plants that germinated at the field 
dose of dimethoate in comparison with the control average weight and length, indicate that 
these two pesticides, did not affect the growth ability of B. rapa at recommended doses. 
Recent studies where the leaves of seedlings of B. rapa with approximately 14 days were 
treated with glyphosate have detected an effect in reproduction (number of siliques formed 
6. Evaluation of the joint effect of glyphosate and dimethoate using a small-scale terrestrial ecosystem 
151 
per plant) of this species at concentrations below the recommended dose, although no 
effect in shoot dry weight were observed (Olszyk et al., 2010). A study where glyphosate 
was applied to 14 days old seedlings of Brassica napus L., determined an EC50 for the 
shoot fresh weight of 21 g a.i./ha, after 14 days of the foliar application of the herbicide 
(Pestemer and Zwerger, 1999). The same has been observed for the insecticide of 
dimethoate, where recommended dose in field and laboratory experiments did not cause 
any detrimental effects in the growth pattern of several Brassica species (Munshi et al., 
1987; Sarwar et al., 2003; Zhang et al., 2006).  
Looking at the mixture toxicity data from the shoot length, after exposure to the 
binary mixture performed with the field dose, an average length of 8.4 cm per plant was 
observed, and the prediction made by the independent action (IA), based on the single 
exposure result to the field dose of both pesticides was a length of 8.5 cm per plant (Table 
6.2). The prediction was very close to the observed data, which could be an indication that 
these pesticides, at the field dose application rate, behave according to the reference model 
of IA. The fresh weight resulting from the application of the binary mixture made with the 
field dose of both pesticides had a result of 136 mg, although the IA prediction was a little 
smaller (97 mg per plant), this value was in the range interval of the standard deviation of 
the result of the binary mixture (Table 6.2). The germination success observed for the 
binary mixture at the field dose was of 5.9 plants per microcosm, but the IA predicted 
value was 10.6, meaning a full germination rate in each microcosm at the beginning of the 
test (Table 6.2). The discrepancy between the observed value and the forecast made by the 
reference model seems to indicate that synergism took place in this endpoint; hence the 
number of plants that germinated was lower than it should be expected according to the 
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Table 6.2: Observed values (mean net response and standard error) and predicted mixture toxicity values calculated by the independent action model using the 
probabilities of nonresponse (unaffected proportion of the endpoint measured). The endpoint measured for the earthworm Eisenia andrei was the proportion of worms in 
the soil lower layer (10-20 cm); for Brassica rapa were the shoot length (in cm/plant), fresh weight (in mg/plant) and the germination success (number of plants per 
STEM); for bait-lamina was the consumption of baits (proportion of eaten baits).  G is for glyphosate and D is for dimethoate. All units of the treatments (nominal 













(proportion eaten baits) 
Control 0.27 (0.16 – 0.34) 11.6 (9.7 – 11.5) 201 (176 – 227) 6.5 (5.8 – 7.1) 0.67 (0.53 – 0.77) 
1.7 G 0.23 (0.12 – 0.35) 7.4 (6.3 – 8.5) 84 (74 – 94) 8.6 (6.8 – 10.4) 0.83 (0.75 – 0.90) 
0.3 D 0.20 (0.01 – 0.40) 12.7 (10.7 – 14.7) 216 (132 – 300) 8.9 (6.8 – 11.1) 0.47 (0.29 – 0.64) 
Mix 1 (1.7 G + 0.3 D) 0.30 (0.20 – 0.40) 8.4 (7.0 – 9.8) 136 (111 – 161) 5.9 (4.6– 7.4) 0.22 (0.17 – 0.27) 
Predicted Mix 1 0.39 8.5 97 10.6 0.91 
8.5 G 0.10 (0.07 – 0.27) 6.9 (4.8 – 9.1) 53 (39 – 67) 1.7 (1.5 – 1.8) 0.76 (0.55 – 0.97) 
1.5 D 0.30 (0.04 – 0.56) 12.4 (10.3 – 14.5) 206 (127 – 283) 8.3 (5.0 – 11.6) 0.36 (0.22 – 0.50) 
Mix 5 (8.5 G + 1.5 D) 0.10 (0.01 – 0.27) 4.4 (3.7 – 5.1) 45 (38 – 51) 5.6 (4.8 – 6.6) 0.18 (0.04 – 0.41) 
Predicted Mix 5 0.37 7.7 57 1.9 0.85 
17 G 0.23 (0.18 – 0.29) 2.5 (1.5 – 3.4) 19 (16 – 22) 1.0 (0.7 – 1.2) 0.74 (0.52 – 0.96) 
3 D 0.37 (0.14 – 0.60) 9.2 (7.8 – 10.5) 145 (106 – 180) 8.9 (7.7 – 10.1) 0.06 (0.01 – 0.14) 
Mix 10 (17 G + 3 D) 0.33 (0.28 – 0.39) 4.0 (3.7 – 5.1) 23 (22 – 23) 5.3 (3.8 – 6.8) 0.11 (0.02 – 0.30) 
Predicted Mix 10 0.51 2.0 14 1.2 0.75 
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In the binary mixture performed with 5 times the field dose, the observed value for 
the shoot length was 4.4 cm per plant, but the prediction made by the IA model was that 
plants should have grown until 7.7 cm, meaning that the effect was higher than predicted 
by the model, thus synergism occurred in this mixture (Table 6.2). The effect in FW of the 
plants was also higher than expected from the single exposures, since the observed data of 
45 mg per plant was lower than the predicted effect of 57 mg per plant, a value that was 
similar to the observed data, but outside the confidence interval obtained for this binary 
mixture (Table 6.2). Thus, regarding the two vegetative vigour endpoints, length and FW, 
synergism took place in the binary mixture made with 5 times the field dose of each 
pesticide. The germination success observed for this binary mixture was 5.6 plants per 
microcosm, but the predicted germination success was smaller (1.9 plants per microcosm), 
which is an indication that the joint effect of the two pesticides was lower than the 
predicted effect based on the single exposures, thus antagonism was observed for this 
endpoint (Table 6.2).  
Therefore, for the binary mixture made with 5 times the field dose, the choice of 
endpoint led to different deviations from the reference model, hence length and FW effects 
were more affected, even than expected (synergism), but for the germination success the 
opposite deviation (antagonism) was observed. The length and FW are endpoints closely 
correlated, if the growing ability is affected the weight of the plant should also be affected, 
thus smaller plants have less weight and vice-versa. The germination success cannot be 
compared directly with the other two endpoints, since the number of seeds that germinated 
into full grown plants is independent of the length and weight that these plants could have. 
Indeed, few plants could have fully germinated after the 28 days of exposure, but their 
weight and length could be similar to the control values for length and FW. For instance, in 
the highest concentration of glyphosate only three plants were found at the end of the test, 
but their length and FW was not statistically different from the control (Fig. 6.2). The 
opposite occurred in the binary mixtures made with 5 and 10 times the field dose, where 
differences in length and weight were observed although no differences in germination 
success could be encountered (Fig. 6.2).  Same conclusions have been derived from other 
toxicity studies, where the choice of endpoint (fresh weight and number of leaves per 
plant) led to different and contradictory results in terms of deviations from the mixture 
toxicity model according to the endpoint chosen (Cedergreen and Streibig, 2006).  
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After exposure to the binary mixtures made with 10 times the field dose, the 
observed value for the shoot length (4.0 cm per plant) was higher than the predicted values 
made by IA model (2.0 cm per plant), thus the joint effect was smaller than expected, or by 
other words antagonism took place in this binary mixture (Table 6.2). The same happened 
when the FW observed (23 mg per plant) was higher than the predicted value made by the 
model (14 mg per plant) based on the data from the single exposures (Table 6.2). The 
germination success observed (5.3 plants per microcosm) was also higher than the 
prediction made by the IA model (1.2 plants per microcosm), thus the effect of the binary 
mixture was smaller than expected, meaning that antagonism occurred in this mixture 
(Table 6.2). This antagonistic pattern has been observed in other study dealing with 
glyphosate and dimethoate applied jointly, where the mixture was less toxic to the length 
and FW of B. rapa grown for a period of 21 days in LUFA soil than it was expected by the 
single exposures to both pesticides (Santos et al., submitted). 
 
6.3.3 Eisenia andrei  
Regarding the distribution of earthworms (depth distribution) in the control, more 
than 73 % of the worms were found in the upper layer (0-10 cm) of the soil column (Fig. 
6.4) as expected by this species ecology (Langdon et al., 2005). Following the application 
of the herbicide glyphosate, the distribution of the worms was similar in all the treatments 
(Fig. 6.4). There was not a dose response pattern in the escape response of the earthworms 
with increasing doses of this pesticide, thus no link between the pesticide concentrations 
and the number earthworms recovered was observed (Table 6.1). The absence of toxic 
effects at recommended doses of glyphosate-based herbicide to the earthworm Eisenia 
fetida was determined in a previous study, where the avoidance behaviour of this species 
was not elicited at field recommended doses of this herbicide although the locomotor 
activity seemed to be affected (Verrel and Van Buskirk, 2004).  The same response was 
observed in the treatments made with the insecticide dimethoate, where the majority of 
worms were found in the upper layer (Fig. 6.4). This behaviour has been observed in 
previous microcosm’s experiments, where earthworm depth distribution was not altered 
due to the application of the organophosphate pesticides chlorpyrifos and diazinon (Hodge 
et al., 2000).   
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Fig. 6.4 – Proportion of Eisenia andrei found along the STEM soil column in 0-10 cm upper layer and 10-20 
cm lower layer, after 28 days of exposure to glyphosate (G), dimethoate (D), and binary mixtures of the two 
pesticides.  All units (nominal values) are in mg a.i./Kg soil. 
 
In the binary mixtures increasing concentrations of both pesticides did not lead to 
more worms found in the lower layer of the soil column (Table 6.2). The percentage of 
worms in the lower layer at the field dose of the binary mixture was 30 %, and the 
prediction made by the IA model based on the single exposure responses was that 39 % of 
the worms should have migrated to the 10-20 cm portion of the soil (Table 6.2).  At 5 times 
the field dose, 10 % of the worms were in the lower layer, and the prediction made by IA 
was that more than the double amount of worms should have escaped (37 %) to the lower 
layer (Table 6.2). The same pattern was observed in the mixture made with 10 times the 
field dose, where 33 % of the worms were found in the lower layer, but the prediction of 
the number of worms in this layer was higher (51 %) according to the IA prediction (Table 
6.2). In these binary mixtures, the number of worms in the less contaminated portion of 
soil was lower than it should be expected by the number of worms observed in the lower 
layer as a result of single exposures to the pesticide. Thus, antagonism was the deviation 
observed in all binary mixtures regarding worm’s distribution, since the effect was lower 
than expected by the single exposure results. This antagonistic deviation was also observed 
in a previous study using the same binary mixture where the avoidance behaviour of the 
terrestrial isopod Porcellionides pruinosus was evaluated (Santos et al., 2010b). 
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There was a decrease in the earthworm’s weight in all concentrations tested, although 
no statistical differences were observed in any of the treatments made (Fig. 6.5). In the 
highest concentration of dimethoate and in the binary mixtures made with 5 and 10 times 
the field dose the decrease in weight was more pronounced, which seems to indicate a 
relation between the loss of weight and the increase in amount of pesticide in the STEM.  
The absence of effects in earthworm’s growth after a single application of recommended 
doses of glyphosate and dimethoate has been observed in previous studies (Dalby et al., 
1995). Thus, the field dose seems to not cause a detrimental effect in earthworms growing 












































Fig. 6.5 – Variation (as percentage of control) on the fresh weight of Eisenia andrei and number of bait-
lamina eaten after the application of glyphosate (G), dimethoate (D), and binary mixtures of the two PPPs in 
the STEM for 28 d. All units (nominal values) are in mg a.i./Kg soil. (* indicates statistical differences 
(Dunnett´s method, p<0.05)). 
 
6.3.4. Bait-lamina strips 
The bait-lamina test was developed to assess the feeding activity of soil organisms 
in different ecosystems (Kratz, 1998). After exposure to the herbicide glyphosate at a field 
dose concentration, the number of empty holes (counted as eaten) was higher than in the 
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control, and the same happened after exposure to 5 and 10 times the field dose of this 
herbicide (Fig. 6.5). Thus, glyphosate seemed to have triggered the feeding activity of the 
soil organisms in the microcosm. The same response was observed in an agricultural field 
treated with glyphosate where feeding activity (bait-lamina test) increased after exposure 
to this herbicide (Reinecke et al., 2002). The feeding activity decreased at the field dose of 
dimethoate and after exposure to 5 and 10 times the field dose, with statistical difference in 
the highest concentration of dimethoate (Fig. 6.5); the application of recommended doses 
of the organophosphorous pesticide chlorpyrifos in a field experiment also conveyed a 
significant lower consumption of the baits buried in the treated plots after a period of 50 
days of exposure (Casablé et al., 2007).  
In the joint toxicity evaluation, a statistically significant decrease in bait-lamina 
consumption was observed in all the three binary mixtures performed in comparison with 
the control (Fig. 6.5). The proportion of baits eaten in the binary mixture made with the 
field dose of both pesticides (22 %) was much smaller than the predicted consumption rate 
(91 %) made by the independent action model (Table 6.2). Thus, at the field dose level, 
results indicated that synergism (effect higher than predicted by the action of the two 
pesticides in the single exposure) took place in the mixture. After the exposure to 5 times 
the field dose the proportion of eaten baits was 18 %, but according to the IA model the 
percentage of empty holes should have been much higher (85 %), hence again synergism 
occurred between the two pesticides in this mixture (Table 6.2). After the exposure to the 
highest concentration of the two pesticides, the percentage of empty holes (11 %) was, 
once more, much smaller than the predicted effect made by the IA model (75 %), thus it 
can be said, that regarding bait-lamina consumption the effect of all mixtures were 
synergistic (Table 6.2). Although glyphosate did stimulated bait-consumption, as attested 
in the single exposures, the inverse effect caused by the insecticide dimethoate led to an 
inhibitory effect stronger than should be expected. In this case, apparently, the synergism 
in the toxic effect of the mixture was driven by the insecticide dimethoate.  
Bait-lamina consumption has been linked to the amount of soil organisms biomass, 
and a strong correlation between lower bait consumption and contaminated sites and has 
been established (Kools et al., 2009). Furthermore, a link between bait-lamina 
consumption and the presence of earthworms in soil has been demonstrated in previous 
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studies (Van Gestel et al., 2003). The decrease in E. andrei weight in the binary mixtures 
made with 5 and 10 times the field dose may be one reason for the observed decrease in the 
feeding activity. Thus, feeding activity of soil organisms was a good indicator of the 
functional equilibrium of the soil in this designed microcosm experiment.   
 
6.3.5. Porcellionides pruinosus  
The application of glyphosate, in all three concentrations, did not affect the number 
of isopods found after the 28 days of exposure; the retrieval rate was very similar to the 
one observed in control STEM (Fig. 6.6). However, exposure to dimethoate affected the 
number of isopods retrieved after the exposure period, even at the field dose, less than half 
of the isopods added in the beginning of the tests were found.  Exposure to 5 and 10 times 
the field dose of dimethoate and the binary mixtures made with the same two 
concentrations led to a sharp decrease in the number of animals retrieved in the STEM 
after the 28 days of exposure.  Only one isopod was retrieved in the STEM with 5 times 
the field dose and no isopod was found in the STEM with 10 times the field dose of 
dimethoate (Fig. 6.6). In the binary mixtures performed the number of isopods recovered 
decreased with increasing concentrations of the two pesticides: in the mixture made with 
the field dose 4 isopods were found, in the binary mixture with 5 times the field dose only 
2 isopods were found, and in the binary mixture made with the highest concentration of 
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Fig. 6.6 - Percentage of retrieved Porcellionides pruinosus in the STEM after 28 d. All units (nominal 
values) are in mg a.i./Kg soil. 
 
 
The effects of the insecticide dimethoate on the retrieval rate of the isopod P. 
pruinosus (EC50 = 0.46 (0.16-0.80) mg/Kg) was much lower than the concentration 
responsible for reducing 50 % the survival rate (LC50 higher than 75 mg/Kg) of the isopod 
species Porcellio scaber (Fischer et al., 1997), and the species Porcellio dilatatus (LC50 
higher than 20 mg/Kg) exposed for 10 days on a silt-loam soil on a microcosm experiment 
(Engenheiro et al., 2005). The reason for the discrepancy between the values found in the 
present study and the works cited above could be the method of pesticide application in the 
STEM. Since the pesticides were applied using a sprayer after the isopods were in the 
microcosm, the animals were immediately exposed to the pesticide, which can be 
considered a more direct and extra route of exposure of dimethoate to the isopods (Sousa et 
al., 2000; Loureiro et al., 2002).  
 The assessment of the four biomarkers led to significant differences only on the 
AChE activity after exposure to dimethoate at field dose and binary mixture and on LPO 
activity at the field dose of both pesticides and binary mixture (Fig. 6.7). GST activity in 
the treatments was close to the basal levels observed in control animal, and this detoxifying 
enzyme does not seem to be triggered by the two pesticides, which has been recorded in 
previous studies (Jemec et al., 2010). CAT is involved in the reduction of reactive oxygen 
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species (ROS), and its levels decreased around 66 and 45 % in glyphosate and dimethoate 
field dose respectively, although no statistical differences were observed. LPO was 
induced, with statistical differences, at glyphosate and dimethoate field dose concentrations 
and in the binary mixture. It is known that ROS induces oxidative stress, which could lead 
to lipid peroxidation (Valant et al., 2009), thus the inhibition in CAT enzymatic levels can 







































Fig. 6.7 – Variation (as percentage of control) of acetylcholinesterase (AChE), catalase (CAT), glutathione-S-
transferase (GST), and lipid peroxidation (LPO) activity in Porcellionides pruinosus after exposure in the 
STEM for 28 d. Results are expressed as mean values with standard error. All units of pesticide concentration 
(nominal values) are in mg a.i./Kg soil. (* indicates statistical differences between control and treatments 
(Dunnett´s method, p<0.05)). 
 
 
Acetylcholinesterase is responsible for breaking down acetylcholine, and is 
inhibited by organophosphorous pesticides, since these pesticides bind to the hydroxyl 
group of the functional part of this enzyme, resulting in an enzyme that has no activity, and 
ceases to be able to hydrolyze the substrate acetylcholine (Ferreira et al., 2010). AChE 
inhibition due to exposure to the insecticide dimethoate has been observed in previous 
studies using terrestrial isopods at sub-lethal concentrations (Engenheiro et al., 2005). This 
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enzyme sensitivity to sub-lethal concentrations of organophosphorous pesticides could 
indicate impairment of the regular function of these soil organisms (Loureiro et al., 2005). 
The inhibition observed in the AChE activity when dimethoate was present in the soil 
could be associated with the subsequent mortality rate observed in the isopods; since it has 
been appointed that a reduction in cholinesterase activity up to 50% indicated impairment 




At the field dose, and thus the ecological relevant concentration, no effects were 
observed in all the endpoints measures in both B. rapa (vegetative growth and germination 
success) and E. andrei (vertical distribution and weight variation). The binary mixture 
approach showed a synergistic effect on shoot length and fresh weight of Brassica rapa at 
5 times the field dose and antagonism at 10 times the field dose. The effect of the mixtures 
on the germination success were antagonistic at the field dose (fewer plants germinated 
than expected), but synergistic at 5 and 10 times the field dose. The decrease in 
earthworms weight as well as vertical distribution was not statistical different from the 
control in both single and binary mixtures performed, and in the binary mixtures fewer 
animals than expected (antagonism) were counted in less contaminated portion of soil. 
Nevertheless, the decrease in earthworm’s weight was correlated with the decrease in bait 
consumption along the exposure period. There was a high mortality rate observed in the 
isopods after exposure to dimethoate in the STEM conditions whether in single and binary 
exposures, clearly demonstrating that an increase in dimethoate concentration led to an 
increase in the mortality rate. Biomarker changes were observed in AChE when isopods 
were exposed to dimethoate at field dose and binary mixtures and in LPO when exposed to 
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7. GENERAL DISCUSSION AND FINAL CONSIDERATIONS 
The main aim of this work was to assess the effects of the application of combined 
plant protection products (PPPs) to non-target organisms. Since in most agricultural fields 
several PPPs are applied to prevent pest and/or increase crop yield, further investigation of 
ecotoxicology concerning the impact of PPPs in land and non-target organisms should be 
conducted in the context of mixture effects.  
Biochemical indicators (biomarkers of exposure AChE, GST, CAT and LPO) were 
assessed in the isopod Porcellionides pruinosus after a short-term exposure to metaldehyde 
and methiocarb, using soil LUFA 2.2 and in an exposure to dimethoate and glyphosate, 
using a Mediterranean soil in a small-scale terrestrial ecosystem (STEM). In the two 
evaluations, the enzyme AChE was inhibited after the animals were exposed to the 
carbamate methiocarb and the organophosphate dimethoate. Even very short exposure 
periods to methiocarb and longer exposures to the recommended dose of dimethoate led to 
a significant reduction of this enzyme activity. This seems to confirm the sensitivity of 
AChE as a warning sign of brain malfunction of the animals correlated with a significant 
reduction in the survival rate of the isopods. The two enzymes, GST and CAT, involved in 
protecting cellular damages from oxidative stress, confirmed also to be useful in assessing 
the effects metaldehyde exposure, whereas LPO levels were induced after exposure to 
glyphosate and dimethoate in single and binary exposures to the recommended dose. These 
three biomarkers were useful to evaluate the mechanism of toxicity as well as serve as 
indicators of the stress condition that these compounds exert on P. pruinosus.  
The impact on the survival rate of the isopods was significant after a very short 
exposure period to methiocarb (8 hours) and metaldehyde (50 hours). In the exposure to 
compounds usually applied as baits, like molluscicides, the use of pre-defined 
concentrations is not useful or relevant and could be discussed in terms of utility in 
Environmental Risk Assessment (ERA) procedures. Therefore, and instead of the LC50 
values usually advised in ERA approaches, the LT50 values (as time to achieve lethality of 
50% of the organisms) showed to be the best accomplishment to evaluate the effects of 
baits in real scenario exposures. The impact the molluscicides, applied commonly as baits 
on the soil surface of agricultural fields, had on the survival of P. pruinosus was a clear 
indication of the toxic effects of these molluscicides, which was undisclosed previously in 
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terms of effects to terrestrial isopods. The exposure in STEM conditions to 5 and 10 times 
the field dose of dimethoate during 28 led also to high lethality rates.  
The joint toxicity of three binary mixtures performed with dimethoate, glyphosate 
and spirodiclofen were assessed on the avoidance behaviour of P. pruinosus and the 
reproduction output of Folsomia candida, using the two reference models of concentration 
addition (CA) and independent action (IA). Since the specific modes of action of these 
three pesticides to the two test-species were unknown, CA and IA were used as equally 
valid reference model to evaluate mixture toxic effects.  
The isopods escaped from the contaminated section of the test-boxes with 
increasing concentrations of all PPPs, showing avoidance behaviour towards 
concentrations higher than the recommended application dose (AC50 was always higher 
than the predicted environmental concentration). Synergism was observed only in just one 
combination (glyphosate with spirodiclofen applied to P. pruinosus) after fitting the IA 
model to data. In mixture ecotoxicology, synergism is considered the worrying condition 
because it means enhancement of toxicity (in this case, enhanced escape response).  
In an overall look of the results of the toxic effects of the binary mixtures, the 
similitude of predictions between CA and IA was very consistent, namely on the 
evaluation of the effects of mixtures on collembolan reproduction. Thus, the information 
gathered from fitting both models to data render predictions that were complementary and 
never contradictory.  
Comparing the toxicity results from binomial data of isopods avoidance behaviour 
and continuous data of collembolan the reproduction success, led to a difference in the 
threshold values, hence the AC50 values of glyphosate and dimethoate the median values 
were more than 100-times higher than the EC50 calculated for the collembolan 
reproduction. One reason that might explain such a difference would be the methodology 
used, since isopods can escape to an uncontaminated soil in the test-boxes, whereas 
collembola are enclosed in the contaminated medium through all the exposure period. 
Furthermore, the specific sensitivity of each species to the referred toxicants should be 
stresses out as a factor responsible for the very different effect levels observed in the two 
organisms.  
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The joint toxicity of three binary mixtures performed with dimethoate, glyphosate 
and spirodiclofen was also assessed on the fresh weight and shoot length of Triticum 
aestivum and Brassica rapa. In both species, plants grew uniformly along with increasing 
concentrations of PPP in the soil until the highest concentration was applied to the soil, 
where significant effects were observed in the two endpoints. Thus, only at high 
concentrations of the three pesticides the growing ability of the two plant species was 
impaired. This could be one reason for the similar EC50 calculated for the single exposures 
to the three PPP in these two plants (differences were never above a factor of two).  
In general terms, fitting data in CA and IA models, led to similar conclusions about 
the toxic effects of the mixtures. The only exception was when data from glyphosate and 
dimethoate applied to T. aestivum, derived antagonism at low doses following CA model, 
and synergism when glyphosate was dominant in the mixture after IA model. Subsequent 
fitting of the data according to the two deviations allowed arguing that synergism would be 
the deviation that explained better the data. This apparent contradiction may be related to 
the specific mode of action of the pesticides in some of the binary mixtures, where a small 
change in the quantity of one of the pesticides can lead to changes in plant growth. 
Nevertheless, there was a general concordance in the outcome of fitting the models to data, 
evidencing that when submitted to the same binary mixture comparable conclusions could 
be derived from these two plant species.  
A small-scale terrestrial ecosystem (STEM) was used to evaluate the combined 
effect of spirodiclofen and dimethoate in the growth of B. rapa and the weigth variation 
and vertical distribution of E. andrei. Regarding the effects on B. rapa, they were not 
enough to derive an effect level, although a concomitant decrease in length and weight was 
observed with increasing pesticide concentrations. Behavioural results of joint PPP 
application gave more information on possible detrimental effects on the earthworms, and 
further implication to the soil ecosystem; hence the absence of worms could indicate a loss 
to the normal regulation of ecosystem in terms of nutrient recycling.   
In the second STEM experiment made with a binary mixture of glyphosate and 
dimethoate, in addition to the cited species, P. pruinosus and bait-lamina strips were added 
to each microcosm. The endpoints evaluated in B. rapa decreased with increasing 
concentrations of glyphosate in soil, and statistical differences observed at 5 and 10 times 
7. General Discussion and Final Considerations 
 
170 
the field dose on fresh weight and germination success. In the binary mixtures made 5 and 
10 times the field dose of both pesticides a statistically significant decrease was observed 
in plants fresh weight and length. Thus, change between the two deviations (synergism and 
antagonism) seems to indicate that if the dose of the pesticides in the mixture is altered, 
this may lead to different effects in the growth pattern of the plants. No differences were 
observed on worms’ vertical distribution or weight change in any of the treatments made, 
although the number of baits eaten decreased significantly at the highest dose of 
dimethoate and on the three binary mixtures performed. A correlation between the 
decreasing number of eaten baits and the increasing amount of weight loss in earthworms 
could be established. Dimethoate was the pesticide responsible for the synergism in all the 
binary mixtures regarding bait-consumption (fewer baits eaten than expected), which can 
represent impairment in the function of the soil.  
In an overall perspective, STEM was a good tool to assess the environmental 
problems derived from the application of combined pesticides to non-target organisms. 
Microcosms are surrogates of real scenarios of exposure in agricultural fields, and the 
inclusion of several species, provide more information about the effects of toxic mixtures 
at several ecological levels. The effects observed ranged from cellular damages 
(biomarkers of exposure) to growth impairment in organisms (earthworms and plants) and 
functional stability of the soil (bait-lamina test).  
Discussing the results of the joint toxicity of mixtures should be made alongside 
with the knowledge of the precise mode of toxic action of the pesticides inside the 
organisms, in order to make more assertive assumptions about the mechanisms involved in 
possible interactions between PPPs. Due to the general lack of the systematic mechanisms 
underlying the specific toxic effects of PPPs, only some considerations could be made 
about the effects of the mixtures tested to the organisms.  
An encompassing perspective should be made regarding the several test-trials made 
with the three PPPs on the non-target organisms. The two reference models explained the 
toxicity of one-quarter of the test trials, and in some occasions CA and IA proved to be 
successfully explaining the effects of theoretical both similar and dissimilar acting 
compounds. Only in four binary mixtures synergism occurred, however the synergistic 
predictions were never observed after fitting the two models to the same data (i.e. 
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synergism following fitting CA to data was not corroborated by fitting IA or vice-versa). 
Antagonism was the interaction described in the majority of the test-trials; in almost two-
thirds of the test-trials the effects observed were bellow the effect predicted by the 
responses observed in the single exposures. In the STEM tests, again antagonism was the 
main interaction observed (more than two-thirds of the interaction observed) whereas 
synergism was observed in less than one-third of the test-trials. Synergism seemed to be 
evidently showed in the bait-lamina consumption since the effects observed were much 
higher than expected from the single exposures.  
The predominance of antagonism under different methodologies and test-species 
seemed to confirm that the absence of enhanced toxicity (albeit not the absence of effects) 
was the general rule in the toxic effects of the three PPP used. The search for synergism is 
one of the main objectives in ecotoxicological assessment of joint effects, given that the 
increasing toxicity of mixtures of chemicals, sometimes below their threshold toxic levels, 
could pose a threat to exposed organisms. However, the systematic prevalence of 
antagonism in most published studies, including the ones present in this thesis, appears to 
confirm that synergism when testing PPPs application to edaphic organism seldom is 
observed. As it was stated previously a strong synergistic effect was observed on bait-
lamina consumption, hence the effects observed were much stronger than expected. Since 
this method reflect soil function, it seems pertinent to highlight the consistent synergism 
rendered by this methodology.   
 
 
